Effect of Ionising Radiation on the Microflora of Poultry and Its Chemical Detection by Using Direct Solvent Extraction. by Alnasser, Mohammed A.
Effect of Ionising Radiation on the Microflora of 
Poultry and its Chemical Detection by Using 
Direct Solvent Extraction
Mohammed A. Alnasser
Submitted for the Award of 
Doctor of Philosophy from 
University of Surrey
UNIVERSITY OF
SURREY
Faculty of Biomedical and Molecular Sciences 
University of Surrey 
Guildford, Surrey GU2 7XH, UK
© Mohammed Alnasser
ProQuest Number: 13803892
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 13803892
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
Abstract
Abstract
The effect of X-ray irradiation on Campylobacter jejuni, Campylobacter coli, Arcobacter 
butzleri and Salmonella Typhimurium was examined by measuring the recovery on 
different media. Irradiation doses (1.0-7.0 kGy) caused a significant reduction in 
microbial counts irrespective of the media used for recovery. Recovery was highest on 
Blood Mueller Hinton Agar (D-value being 3.30, 3.32, 3.56 and 6.86 kGy for C. jejuni, C. 
coli, A. butzleri and S. Typhimurium respectively) and lowest on selective media (D- 
value being 3.20, 3.08, 3.36 and 3.20 kGy for C. jejuni, C. coli, A. butzleri, and S. 
Typhimurium respectively).
To investigate possible mechanisms leading to the inactivation of C. jejuni, a range of 
mutants defective in the oxidative stress defence were assessed for tolerance to 
irradiation. Irrespective of the media used for recovery a sodB mutant was more sensitive 
to irradiation, suggesting that oxidative strain contributes to cell killing (D-value being 
2.98 kGy for sodB mutant).
The survival of Campylobacter and Salmonella in the presence of nitrite, nitrate, other 
salts and solutes during irradiation was also carried out to determine whether ionic solutes 
enhanced or limited the lethal affects of irradiation. Nitrite, nitrate, NaCl and KC1 
provided protection against irradiation, and nitrite was by far the most protective agent. In 
the presence of 20 mM nitrite the D- value of C. jejuni was 24.45 kGy compared to D- 
values of 10.69 in the presence of 100 mM nitrate and 3.63 in the absence of any salt. 
When ionic salts other than nitrites and nitrates were used a protective effect was seen but
Abstract
this was less than that seen for nitrite/nitrate. For example the D-values in the presence of 
100 mM NaCl and 50mM KC1 were 9.11 and 7.27 respectively. Glucose had no 
protective effect as had been seen for the ionic salts. To determine whether or not the 
protective effect of ionic salts was due to their effect on 'OH formation, 'OH production 
was measured at high and low ionic strength using terephthalic acid (TA). However, ‘OH 
production as measured by this method was unaffected by salt concentration.
Direct solvent extraction method (DSE) was used to identify 2- dodecylcyclobutanone 
(DCB) in irradiated chicken. Isolation of the DCB was successfully achieved from 
irradiated chicken samples at (1, 3, 5 and 7kGy).
The concentration of the extracted DCB in the irradiated chicken samples varied from 
0.57 to 2.9 pg /g lipid following exposure to lkGy and 7kGy, respectively. DCB levels in 
irradiated chicken samples stored under chilled conditions for 4 weeks and frozen 
conditions for 12 months were reduced by 5.3 % and 73 %, respectively.
The use of microbiological and chemical methods to identify shelf-life of irradiated 
frozen chicken samples stored for up to twelve months was carried out by determining the 
Total Plate Count (TPC) and DCB.
The total aerobic bacteria counts increased by 0.82 and 0.18 log cycle for unirradiated, 
irradiated frozen chicken respectively stored up to 12 months. This was unexpected and 
may reflect a slow recovery from injury at -18°C.
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Chapter 1
1 General Introduction
1.1 Food Irradiation
Food irradiation is the process of exposing food to a carefully controlled source of 
ionizing radiation. If properly applied, irradiation can be an effective way to treat a 
variety of problems in our food supply, such as insect infestation of grains, sprouting of 
potatoes, rapid ripening of fruits and bacterial growth (Grolichova et al., 2004; ARS, 
2005).
1.1.1 Historical Background
The first documented proposal for the use of ionising radiation was made in the United 
Kingdom 100 years ago in a British Patent (No. 1609, 1905) issued to a group of Public 
Analysts called, J. Appleby and A.J. Banks. The patent proposed the treatment of foods, 
especially cereals and their products, with a, (3, or y rays from radium or other radioactive 
substances. However, the radium preparations suggested by these inventors as sources of 
ionising radiation were not available in sufficient quantity to irradiate commercially.
The use of ionizing irradiation for the preservation of food was suggested in 1916 and 
was the subject of patents in the USA in 1921 and in France in 1930. Since the 1950's it 
has been the subject of scientific, political and public interest and has been applied to a 
wide range of foods including fish, shellfish, poultry, seafoods, grain, fruit, vegetables,
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nuts and spices (Glidewell et al., 1993).
The first commercial use of food irradiation occurred in 1957 in Germany for the 
hygienic improvement of spices (Diehl and Josephson, 1994). In Canada, irradiation of 
potatoes to inhibit sprouting was first approved in 1960. After 1960, the U.S. Army 
concentrated on high dose applications, to develop sterile meat products, to substitute for 
canned or frozen military rations (Glidewell et al., 1993).
The Food and Drug Administration (FDA) in 1963 approved the use of irradiation to 
control insects in wheat and wheat flour. Other approval was given in 1964 to inhibit the 
development of sprouting in white potatoes (IFT, 1997). A comprehensive nutritional, 
genetic and toxicological study of food irradiation was carried out by the U.S. 
government in 1976. They found no evidence of genetic toxicity in mice, hamsters, rats, 
or rabbits which had been fed irradiated foods (Smith and Pillai, 2004). In 1983, FDA 
approval was granted to kill insects and control microorganisms in a list of spices, herbs 
and vegetable seasonings. Additionally in 1985, treatment of pork to control trichinosis 
was added to the list of approvals. In 1986, approval was granted to control insects and 
inhibit growth and ripening in such foods as fruits, vegetables and grains (Diehl and 
Josephson, 1994; Kim et ah, 2005).
The irradiation of packaged fresh or frozen uncooked poultry and pork was approved in 
1990. Moreover, in 1997 irradiation was approved for use against bacteria in beef, veal 
and other red meat (WHO, 1999).
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In the UK, the Advisory Committee on Novel and Irradiated Foods approved irradiation 
in 1986 as a safe and satisfactory method of food processing. This opinion was reaffirmed 
in 1987 after receiving submissions from industry, consumer groups and interested 
parties. In 1991 the Food (Control of Irradiation) Regulations in the UK cleared 7 
categories of irradiation to specified overall average doses: fruits (2.0 kGy), vegetables 
(1.0 kGy), bulbs and tubers (0.2 kGy), spices and condiments (10 kGy), fish and shellfish 
(3.0 kGy) and poultry (7.0 kGy). The regulations also make provision for labelling to 
ensure consumers are fully informed whether foods or any contained ingredients have 
been irradiated. Under the Food Labelling Regulations (1996), irradiated foods and 
ingredients have to be identified with the words “irradiated” or “treated with ionising 
radiation”. Foods prepared under medical supervision (for immunocompromised patients) 
and products classified as medicines- though they may be taken orally and be available in 
health food shops, pharmacies, etc, without prescription - are exempt from labelling. 
Irradiation facilities must meet specified criteria before they can be licensed to process 
foods. To date, there is only one UK licence, which authorises the irradiation of certain 
herbs and spices. In 2000, UK legislation was amended to implement the changes 
introduced by the European Directives (IFST, 2006).
1.1.2 Food irradiation in the UK
The use of irradiation for pet foods generated more discussion, which resulted in a ban on 
all food irradiation from 1976 until 1990. The United Kingdom Food Safety Act in June 
1990 approved food irradiation in principle, and in 1991 the detailed legislation (BSI, 
1990: 2489) which included specific controls on the practice became operational.
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1.1.2.1 Legal Status of Food Irradiation in the United Kingdom
In the UK, there was no formal position for irradiated foods until 1967 (Wooleston, 
2000). In January 1990, the fourth report of the European countries reported that 
irradiation could help to raise standards of food safety and public heath, The UK 
Government waited until an EC Directive had been approved before going ahead with 
UK regulations (Anon, 2003). The control of food irradiation was considered in 1990, and 
came into force on 1st January 1991 (13th February, 1991 for poultry). These regulations 
established a strict licensing system for food facilities. In the UK, only correctly labeled 
irradiated herbs, spices or vegetable seasonings are permitted. Current national 
regulations allow for the irradiation of seven categories of food: fruit, vegetables, cereals, 
bulbs and tubers, spices and condiments, fish and shellfish and poultry. However, only 
one licence for the irradiation of a number of herbs and spices has so far been granted 
(Wooleston, 2000). The licensing of irradiation (including irradiation methods and 
irradiation doses) is renewed periodically. The United Kingdom imports many kinds of 
foods from other Member States, if the irradiation processes are carried out at an 
officially authorized plants. Plants that export irradiated foods to the UK must be 
approved by the Minister who must be satisfied that the standards of health protection 
meet UK Standards. The imported foods from elsewhere must meet all UK Standards. In 
addition, the labeling of irradiated foods is controlled by the labeling Regulations 1984 
amended, 1991; EU 2006).
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1.1.2.2 UK Food Irradiation Licences
The food irradiation licence in the UK was held by Isotron Pic (MAFF/DHO, 1995). The 
specified foods in Isotron's licence included seasoning blends, dried spices and 
condiments. The licence contains many detailed conditions such as plant design, layout 
and operation systems, microbiological quality, dose, packaging materials and record 
keeping and documentations. Moreover, this licence is not transferable. These conditions 
could not be varied without formal application and approval by the Licensing Authority. 
MAFF stated that the Government is responsible for deciding whether consumers can buy 
irradiated food or not. Thus, the labeling Regulations state that it must be declared if food 
has been irradiated (MAFF/DHO, 1995; TSO, 2000).
1.1.3 Safety of Food Irradiation
Irradiation can benefit consumers by ensuring the safety of food products, destroying 
most pathogens which may be present. Though other processing plant measures can 
reduce bacteria levels in raw foods, irradiation is more effective because it can eliminate 
pathogens such as E.coli 0157:H7 (Gombas et al., 2003). Consumers, who are at high 
risk for food-borne illness, including the young, elderly, and those with compromised 
immune systems, would particularly benefit from irradiated food (IFT, 1997).
The conclusion and recommendations of the Joint European Commission for Food 
Irradiation (JECFI) about the safety of food irradiated at 10 kGy have been elaborated 
into an international standard under the procedures of the Codex Alimentarius 
Commission (CAC) of the Joint FAO/WHO Food standard programme. (WHO, 1994; 
Smith and Pillai, 2004). Few foods tolerate doses above 10 kGy without loss of sensory 
quality. On the other hand, long-term animal feeding studies with foods irradiated with
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doses as high as 70 kGy have shown no treatment- related adverse health effects (Diehl, 
2002). Several countries including the USA, UK, France, Canada, Denmark, the 
Netherlands and many developing countries including Saudi Arabia, Bangladesh, Chile, 
India, Brazil, Mexico, Thailand, Republic of Korea and others, introduced regulations on 
food irradiation following the principles of the Codex standard. Today, food irradiation is 
widely used in more than thirty five countries including the USA and all EEC countries 
(Anon, 1991; Farkas, 2006).
In June 2002 a Food Standards Agency survey revealed that illegally irradiated, 
unlabelled herbal supplements, seafoods and spices were being sold to UK consumers. 
When illegally irradiated foods are sold, consumers are exposed to potential health risks 
and lose their legitimate right to know how their food has been processed. The survey 
findings shocked the public, especially because food manufacturers and retailers in the 
UK claim they do not sell irradiated foods or food ingredients. The major UK 
supermarkets control approximately 60-70% of the UK grocery market. In 1993, 1995 
and 2002 the Food Commission's surveys revealed that none of the major UK 
supermarkets had any plans to stock irradiated foods, and that this was because 
consumers do not want to buy them. Thus UK supermarkets take steps to avoid 
unknowingly stocking irradiated foods (The Food Irradiation Campaign, 2002).
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1.1.4 Labeling of Irradiated Foods
Since 1986, all irradiated products must carry the international symbol called a Radura 
(Figure 1), which resembles a stylized flower.
# .  m %
Figure 1: The International Symbol for Irradiation RADURA SYMBOL
This symbol must be accompanied by a statement such as "treated by irradiation" or 
"treated with irradiation" (CAST, 1986; Smith and Pillai, 2004).
1.1.5 Sources of Ionising Radiation
Ionising radiation can be produced by a number of sources such as X-rays, electron 
beams (generated by electron accelerators) or gamma rays (produced by radioactive 
sources such as Cobalt-60 or Caesium-137). Electron beams are the most cost efficient 
form of irradiation but they can only penetrate food to a limited depth, while X-rays are a 
penetrative form of irradiation suitable for bulk operations. However, gamma rays are 
relatively inexpensive and have a highly penetrative property making them a cost efficient 
option for any food irradiation (FSAI, 2003). Only certain irradiation sources can be used 
in food irradiation. These are the radionuclides Cobalt-60 or Caesium-137, X-ray 
machines having a maximum energy of five million electron volts (MeV), or electron 
machines having a maximum energy of 10 MeV (WHO, 1988).
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Gamma rays are produced by radioactive substances (called radioisotopes) that 
continuously emit the high energy gamma rays. Naturally occurring and man-made 
radionuclides, also called radioactive isotopes or radioisotopes, are unstable and emit 
irradiation as they spontaneously disintegrate or decay to a stable state. The time taken by 
a radionuclide to decay to half the level of radioactivity originally present is known as its 
‘half-life’, and is specific for each radionuclide of a particular element. The Becquerel 
(Bq) is the unit of radioactivity and equals one disintegration per second (WHO, 1994).
There are many types of radioisotopes that have different properties which make them 
more or less suitable for food irradiation. The disadvantages of using Cobalt-60 as a 
source are (i) that it has a half-life of 5.3 years, so that 12 % of the source must be 
replaced annually to maintain the original strength and (ii) it has a rather slow food 
processing rate compared with electron beam irradiation. Despite these drawbacks, 
Cobalt-60 is the irradiation source of choice. Caesium-137 is a radioactive isotope of 
Caesium, which is obtained as a fission product from Uranium and other elements in a 
nuclear reactor. Caesium-137 has a half-life of 30 years and emits gamma rays with 
energy of 0.66 MeV. The use of Cobalt- 60 is much more common since it is more easily 
available and safer to use. The supply of Caesium-137 seems to be more limited because 
of regulatory restrictions imposed on the processing of spent reactor fuel (GAO/RCED, 
2000, Smith and Pillai, 2004).
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1.1.6 Irradiation Dose
The "dose" for food irradiation is the amount of irradiation absorbed by the food and it is 
not the same as the level of energy transmitted from the irradiation source. The dose is 
controlled by the intensity of irradiation and the length of time the food is exposed. The 
unit of absorbed dose is a Gray (Gy). The FAO/IAEA/ WHO Expert Committee on Food 
Irradiation concluded in its report of 1981: “the irradiation of any food commodity up to 
an overall average dose of 10 kGy presents no toxicological hazard, hence, toxicological 
testing of food so treated is no longer required.” And further: “irradiation of foods up to 
an overall average dose of 10 kGy introduces no special nutritional or microbiological 
problems (WHO, 1981; Anon, 1981; Farkas, 2006). The first rule of the WHO’s ‘Golden 
Rules for Safe Food Preparation’ advises: “if you have the choice, select fresh or frozen 
poultry treated with ionising radiation”. At present, the dose of irradiation recommended 
by the FAO/WHO Codex Alimentarius Commission for use in food irradiation must not 
exceed 10 000 grays, usually written as 10 kGy (Anon, 1984; Smith and Pillai, 2004).
1.1.7 Radioactivity Versus Irradiation
Radioactivity in foods can occur by two routes: contamination of foods with radioactive 
substances or by penetration of energy into the nuclei of the atoms that make up the food. 
The irradiation process involves passing food through an irradiation field; however, the 
food itself never contacts the radioactive substance. Also, the ionising radiation used by 
irradiators is not strong enough to disintegrate the nucleus of even one atom of a food 
molecule (Blumenthal, 1990).
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Comparing the preservation of food by irradiation and other preservation methods, 
Blumenthal (1990) reported that as in the heat pasteurization of milk, the irradiation 
process greatly reduces but does not eliminate all bacteria. Irradiated poultry, for 
example, still requires refrigeration, but would be safe longer than untreated poultry. 
Irradiation is known as a cold process. It does not significantly increase the temperature 
or change the physical or sensory characteristics of most foods. An irradiated apple, for 
example, will still be crisp and juicy. Fresh or frozen meat can be irradiated without 
cooking it (Tauxe, 2001). During irradiation, the energy waves affect unwanted 
organisms but are not retained in the food. Similarly, food cooked in a microwave oven 
does not retain those energy waves.
Food irradiation has been employed to ensure food safety or food sterility, extend its 
shelf-life and reduce losses due to sprouting and ripening or pests. Aside from the 
obvious improvements in food safety through destruction of pathogens, irradiation 
provides other benefits. Some of these contributions include increasing shelf life of meats, 
fruits, vegetables and improving quality of fruits and vegetables; providing a suitable 
alternative to chemical treatments, especially for decontamination of fruits and vegetables 
and providing economic savings due to reduced incidence of illness. Despite these added 
benefits, this technology remains vastly underutilized by the food industry (Blumenthal, 
1990; Zhang et al., 2006)
1.1.8 Food Irradiation Benefits
A major benefit of food irradiation is its effectiveness as a tool in reducing foodbome 
pathogens, according to numerous studies conducted worldwide for over 50 years. 
Irradiation, within approved dosages, has been shown to destroy at least 99.9 % of
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common food-bome pathogens, such as Salmonella, Campylobacter, E. coli 0157:H7, 
and Listeria monocytogenes, which are normally associated with meat and poultry 
(GAO/RCED, 2000).
1.1.9 Uses of Food Irradiation
Irradiation is effective in extending the shelf-life of fresh fruits and vegetables by 
controlling the normal biological changes associated with ripening, maturation, sprouting 
and finally ageing. For example, irradiation delays the ripening of green bananas, inhibits 
the sprouting of potatoes and onions. Irradiation may also be used for food preservation 
through the inactivation of food spoilage organisms including bacteria, moulds and 
yeasts. Irradiation has therefore become a popular preservation method with great 
promise as an alternative to both physical and chemical methods of preservation (FDA, 
2005; Pames and Lichtenstein, 2004).
The process involves exposing the food, either packaged or in bulk, to carefully 
controlled amounts of ionizing radiation for a specific time to achieve certain desirable 
objectives. One objective is the reduction of microorganisms. When microbes present in 
food are irradiated, the energy from the radiation breaks the bonds in the DNA molecules, 
causing defects in the genetic instructions. Unless this damage can be repaired, the 
organism will die or will be unable to reproduce. It matters if the food is frozen or fresh, 
because it takes a larger radiation dose to kill microbes in frozen foods. The effectiveness 
of the process depends also on the organism's sensitivity to irradiation, on the rate at 
which it can repair damaged DNA, and especially on the amount of DNA in the target 
organism (Trampuz et al., 2006) for example:
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* Parasites and insect pests, which have large amounts of DNA, are rapidly killed by an 
extremely low dose of irradiation.
* Bacteria takes more irradiation to kill, because they have less DNA.
* Viruses are the smallest pathogens that have nucleic acid, and they are, in general, 
resistant to irradiation at doses approved for foods.
1.1.9.1 Preservation
Irradiation can be used to partially destroy or inactivate organisms that cause spoilage and 
decomposition, thereby extending the shelf life of foods. It is an energy efficient food 
preservation method that has several advantages over other preservation methods. The 
resulting products are closer to the fresh state in texture, flavour, and colour. Using 
irradiation to preserve foods requires no additional liquid, nor does it cause the loss of 
natural juices. Both large and small containers can be used and food can be irradiated 
after being packaged or frozen (Farkas, 2006).
1.1.9.2 Sterilization
Foods that are sterilized by irradiation can be stored for years without refrigeration just 
like canned (heat sterilized) foods. Today, sterilized foods are particularly useful in 
hospitals for patients with severely impaired immune systems (cancer or AIDS patients). 
These foods may also be used by the military and for space flights (WHO, 1999, 
Grolichova et al., 2004).
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1.1.9.3 Control of Sprouting, Ripening, and Insect Damage
Irradiation also offers an alternative to chemicals for use with potatoes, tropical and citrus 
fruits, grains, spices, and seasonings to control sprouting, ripened and insect damage 
(Thayer, 1994; Kim et al., 2005).
1.1.9.4 Avoiding the Use of Chemical Additives
*
Ionizing radiation is used as an alternative to chemical sprout inhibitors and fumigants. 
For long term storage, potatoes are usually treated with chemical sprout inhibitors, such 
as propham/chloropropham. Onions are treated in some countries with maleic hydrazide. 
Insects can cause severe economic losses in stored grain, dried legumes, dried fruits and 
similar products, especially in subtropical and tropical regions. Here again, radiation is an 
alternative to chemical fumigants such as phosphine or methyl bromide. On the other 
hand, radiation is used as an alternative to antimicrobial preservatives such as nitrite in 
the curing of meats. Thus the substitution of chemical additives with irradiation processes 
is important to reduce either the risk of cancer associated with the chemical residues that 
remain or additionally because they are toxic to humans involved in the treatment process 
(Thayer and Rajkowski, 1999; Smith and Pillai, 2004).
1.1.9.5 Control of Food borne Illness
The biological contamination of food and water supplies causes 1 billion cases of disease 
and about 5 million deaths annually (Kaferstein, 1990). The majority of cases are due to 
either Salmonella or Campylobacter species. Other cases of food-borne illness from other 
pathogens such as L. monocytogenes and E. coli 0157:H7, although relatively 
unimportant numerically, are also causing concern due to the high morbidity and 
mortality resulting from the illnesses they cause (Doyle, 1991). The presence of
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microbiological pathogens on human foods is a serious global problem. In the United 
States, pathogen-contaminated foods and the resulting health and economic impacts are 
significant (Pames and Lichtenstein, 2004). According to the CDC (2004), each year 
America suffers 76 million infections, 325,000 hospitalizations, and approximately 5,000 
deaths due to pathogen-contaminated foods. These events carry an estimated annual 
healthcare cost totaling $7 billion (USDA/ERS, 2000).
The World Health Organization (WHO) has also reported that Europe is suffering from 
an epidemic of salmonellosis. Pregnant women in the UK have been warned not to eat 
unpasteurized cheese which now may have high levels of Listeria monocytogenes (Smith 
and Pillai, 2004).
Increasingly, food poisoning incidents have been found to be due to mishandling of food 
in the home with insufficient refrigeration or cooling being the most frequent factor 
causing disease. Out of the 1562 cases of food poisoning reported in the UK during 1986 
to 1988, 970 (62 %) were caused in the home (Billiard, 2002).
The FDA and the US Department of Agriculture Food Safety and Inspection Service have 
also approved irradiation to control food-borne pathogens in raw poultry with a dose 
range of 1.5 to 3.0 kGy. Recently, the irradiation of raw refrigerated and frozen meat has 
been approved with maximum doses of 4.7 and 7 kGy, respectively. Irradiation doses of
2.5 kGy in beef will result in a 6 log reduction in Campylobacter, a 5 log reduction in E. 
coli 0157:H7, a 3 log reduction in Salmonella spp., and a 5 log reduction in 
Staphylococcus cells (CAST, 1986). Although the potential for consumer infection by 
pathogens is decreased greatly and shelf life is extended by irradiation pasteurization of
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meat and poultry, the room temperature storage of raw meat products is still highly 
discouraged (CR , 2003). Irradiation readily kills most non-spore-forming bacteria and 
parasites in foods. Generally the sensitivity of pathogenic microorganisms to irradiation 
depends on the species of microorganism, the irradiation dose, and the types of foods 
(Farkas, 2006). Salmonella and Listeria are more resistant to irradiation than E. coli and 
Staphylococcus. Yersinia, Vibrio, Arcobacter, Aeromonas, and Campylobacter are the 
most sensitive species. On the other hand, pathogenic protozoa (such as Toxoplasma and 
Cyclospora) and parasitic worms (Trichinella, tapeworms, liver flukes) can be killed by 
radiation doses of <1 kGy (Zhu et al., 2005). Zhu et al., (2005) also reported that, 
irradiation doses ( up to 30 kGy) have been approved for dried herbs, spices and 
dehydrated vegetables, and up to 44 kGy are used to sterilize packaged meats for 
astronauts.
Fumonisins are a group of naturally occurring mycotoxins produced by Fusarium 
moniliforme, Fusarium proliferatum and other related species (Tseng and Lui, 1999; 
Bacon et ah, 2001; Miller, 2001). The viable counts of Fusarium in seeds decreased by 
increasing the radiation dose levels and growth of Fusarium spp. was inhibited at 4 kGy 
for barley and 6 kGy for wheat and maize. Application of irradiation dose at 5kGy 
inactivated fumonisin B1 by 96.6%, 87% and 100% for wheat, maize and barley 
respectively (Tseng and Lui., 1999; Bacon et ah, 2001).
Disadvantages of using food irradiation include: (i) the fact that irradiation can only be 
used on a very limited range of foods, (ii) it is still a relatively expensive technology, (iii) 
it can affect some important constituents of foods (for example, vitamin E levels can be 
reduced by 50 % and vitamin C by 5-10 % after irradiation in the presence of oxygen).
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However, it is important to note that ordinary cooking will also produce vitamin losses 
which are significantly greater than those resulting from irradiation; (iv) irradiation doses 
at the levels recommended will not kill all microorganisms, typically 90 % may be 
destroyed and this means that the food still has to be treated with care otherwise the 
remaining organisms will reproduce rapidly, and (v) it is ineffective against viruses 
(Smith and Pillai, 2004).
1.1.10 Biological Effects
The effect of irradiation on microorganisms is measured by a dosage called the D-value. 
The D-value is defined as the dosage of irradiation required to destroy 90 % of the 
organisms or one decimal log cycle (Prejean, 2001).
In many cases, a linear relationship is obtained in a semi-logarithmic plot of survivors 
against dose so the Dio can be calculated as 1/slope of the regression. The high energy 
rays of irradiation directly damage the DNA of living organisms, including cross-linkage 
and other changes that make an organism unable to grow or reproduce. When these rays 
interact with water molecules in an organism, they generate transient free radicals that can 
cause additional indirect damage to DNA (Tauxe, 2001). Complex life forms with large 
DNA molecules are affected by relatively low doses and simpler organisms with smaller 
DNA receive progressively higher doses. Thus a low dose under 0.1 kGy kills insects and 
parasites and inhibits plants from sprouting. A medium dose, between 1.5 and 4.5 kGy, 
kills most bacterial pathogens other than spores, and a higher dose of 10 to 45 kGy will 
inactivate bacterial spores and some viruses. Moseley (1984) reported that viruses are the 
smallest pathogens that have nucleic acid, and they are, in general, resistant to irradiation 
at doses approved for foods. This also explains why bacteria are more resistant to
Chavter 1. General Introduction
radiation than protozoa, parasites, and insects. On the other hand, bacterial cells, which 
are actively dividing (in the exponential phase of growth), are usually more sensitive than 
those in the lag or stationary phases (Kelly et a l , 2001).
The sensitivity of microorganisms to irradiation also depends on a number of factors such 
as the nature of the substrate, and atmosphere during irradiation. Proteins can exert a 
protective effect on microorganisms. This is due to the presence of free radical 
scavengers, such as sulphydryl groups, which “mop up” water and oxygen radicals. For 
example, Maxcy and Tiwari (1973) reported that Salmonella Enteritidis had a Dio of 0.70 
kGy and 0.49 kGy in low -  fat and high- fat beef, respectively. Assuming that low fat 
means high protein, then it is possible that the radical scavenging properties of the protein 
in the low-fat, high-protein beef gave higher protection to the pathogens (Thayer et al, 
1991). Barbut et al. (1987) revealed that Vibrio species and Aeromonas hydrophila are 
the most irradiation sensitive of the vegetative pathogens with V parahaemolyticus 
having a Dio-value of 0.06 kGy in frozen shrimp homogenate. A dose of 1.0 kGy would 
therefore give at least a 1015 fold reduction in numbers. Palumbo et al, (1986) reported 
that the Dio -values for five strains of psychrotrophic A. hydrophila ranged from 0.14 to 
0.19 kGy in ground beef irradiated at 2°C, and no significant differences in irradiation 
sensitivity were observed between stationary and logarithmic phase cells.
Patterson (1995) reported that Campylobacter species were found to have similar Dio 
values to Y. enterocolitica although there were significant differences in the radiation 
sensitivities between different Campylobacter species and within strains of the same 
species when treated in poultry meat at refrigeration temperatures. The author reported 
that the most resistant strain was C. coli which had a Dio-value of 0.25 kGy and was
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isolated originally from pork liver. This strain however was more sensitive than S. 
Typhimurium and L. monocytogenes irradiated in poultry meat under similar conditions. 
Bougie and Stahl (1993) revealed that Salmonella species and L. monocytogenes are the 
most irradiation resistant of the common vegetative pathogens with typical Dio values of 
0.50-1 kGy depending on the substrate and irradiation conditions. Thus the recommended 
doses that give a significant reduction in numbers of these pathogens from foods will also 
be appropriate for other vegetative pathogens. For example a dose of 3.0 kGy applied to 
fresh chilled poultry meat would be expected to give at least a 104 reduction in numbers
Q J2
of Salmonella spp and L. monocytogenes, a 10 reduction in E. coli 0157:H7 and a 10 
reduction in Campylobacter species and Y. enterocolitica. It has been reported that 
Camembert cheese made from unpasteurized milk can also be successfully irradiated to
2.5 kGy sufficient to give a significant reduction in numbers of L. monocytogenes and 
Salmonella species provided the storage temperature and ripening conditions are carefully 
controlled (Bougie and Stahl 1993; Mendonca, 2002). This is contrary to the idea that 
fatty foods such as some fish and dairy products are unsuitable for treatment due to the 
radiation induced oxidation of the fats.
Urbain (1986) reported that the endospores of spore-forming bacteria are more resistant to 
irradiation than vegetative cells. Spores of C. botulinum are of most concern in shelf- 
stable foods and in thermal sterilization the 12D concept is used to ensure foods are 
processed for safety to ensure the risk of growth of this organism is minimised. If this is 
applied to radappertized foods then the dose must be high enough to reduce viable spores
i
of the most resistant strain of C. botulinum by a factor of 10 . Type A and B spores are 
regarded as being the most resistant of the C. botulinum spores to radiation while type E 
is most sensitive (Urbain, 1986). Bacterial products such as toxins are far more resistant
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to irradiation than vegetative cells. Staphylococcal enterotoxin for example is extremely 
resistant to irradiation and heat. In a 15% ground beef slurry, 16% to 26% residual 
staphylococcal enterotoxin activity could be detected after a dose of 23.7 kGy (Rose,
1988)
1.1.10.1 The Effect of Irradiation on Bacteria
Ionising radiation is widely used for sterilization of medical devices, food preservation 
and processing of tissue allograft and blood components, obviating the need for high 
temperatures that can be damaging to such products (Osterholm and Norgan, 2004). It is 
mutagenic for most bacteria and lethal for all of them depending upon the dose (Moseley,
1989). The mechanisms by which ionsing energy destroys micro-organism are not fully 
understood. It is presumed that the effects are due to chemical changes within the cell, 
such as the impairment of metabolic reactions, and these effects are thought to be related 
to the nature and complexity of the organism (Anon, 1982, Urbain, 1986).
The following suggestions have been put forward as possibilities for mechanisms of cell 
death:
* Alteration of cell membrane structure and permeability, disrupting the transfer of 
material critical to cell activity, redistribution of molecules and ions within the cell is also 
affected
* Radiation effects cellular enzymes.
* Radiation effects on the processes of cell synthesis, especially those involving DNA,
RNA.
* Effect on the metabolism through the reduction of phosphorylation.
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The DNA is the principal cellular target governing loss of viability after exposure to 
irradiation. DNA damage occurs predominantly by a direct effect, caused by the 
molecules of the nucleic acid being ionised by the primary electrons disrupting DNA 
structure (Khanna, Jackson 2001) or by an indirect action of irradiation, which interacts 
with other atoms or molecules, particularly water, to produce reactive free radicals. 
Because water is the largest component of most foods and microbes, it is often the 
adjacent molecule that ends up producing a lethal product (Grecz et al., 1983). Ionizing 
radiation causes water molecules to lose an electron, producing H2 0 + and an electron. 
These products react with other water molecules to produce a number of compounds, 
including hydrogen and hydroxyl radicals (OH*), molecular hydrogen, oxygen, and 
hydrogen peroxide (H2O2) (Arena, 1971). Hydroxyl radicals and hydrogen peroxide are 
very reactive and are known to interfere with the bonds between nucleic acids within a 
single strand or between opposite strands. Though biological systems do have a capacity 
to repair both single-stranded and double-stranded breaks of the DNA backbone (Bartek 
and Lukas 2003), the damage occurring from ionizing radiation is random 
(Razskazovskiy et al., 2003) and extensive, and therefore, bacterial repair of radiation 
damage is a near impossibility (Khanna and Jackson 2001). There are three generally 
recognised terms (Goresline, 1982 and Mossel, 1977) to describe the effect of irradiation 
treatments on certain types of micro-organism.
1- Radappertisation
Radiation sterilisation. The exposure of food to ionising radiation at doses necessary to 
kill all organisms of food spoilage and public health significance. Irradiation is carried out 
in hermetically sealed containers at doses of between 10 and 50 kGy, resulting in a 
commercially sterile product. Viruses, toxins and enzymes are not, however, inactivated.
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2- Radurisation
Prolongation of the storage life by the general reduction in the level of vegetative 
bacteria. The process is analogous to pasteurisation and doses of up to 5 kGy are 
employed. This also leads to radiation disinfestation.
3- Radicidation
Radicidation disinfection. An ionizing radiation treatment intended to destroy all non­
spore forming organism of public health significance. It is intended to control food-borne 
diseases and is analogous to pasteurisation. Doses of between 2and 6.5 kGy are used.
1.2 Campylobacter and Salmonella
Poultry meat is considered as a food product with a relatively high initial bacterial load 
especially with pathogenic bacteria such as Campylobacter spp. and Salmonella spp. 
Poultry can become contaminated or cross-contaminated with these organisms during its 
preparation for human consumption. The high through put of poultry processing means 
that in current poultry plant procedures cross-contamination is virtually impossible to 
eliminate (Izat et al., 1998; Duffy and Dykes, 2006). The project therefore was carried out 
to determine the effect of irradiation on the main pathogenic bacteria of poultry such as 
Campylobacter and Salmonella. These organisms will therefore be covered separately in 
detail.
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1.2.1 Campylobacter
The name Campylobacter is derived from the Greek word “kampylos, ” which means 
curved. Campylobacter are Gram negative, slender, spiral curved rods having dimensions 
of 0.2 pm to 0.8 pm wide and 0.5 pm to 5 pm long. Extremely rapid, darting, 
reciprocating motility can be seen with a phase contrast microscope, with comma-shaped, 
S, or gull wing-shaped cells (Friedman et al., 2000).
There are 11 species in the genus Campylobacter including C. fetus, C. hyointestinalis, C. 
sputorum, C. jejuni, C. coli, C. lari, C. upsaliensis, C. mucosalis, C. concisus, C. curvus, 
and C. rectus. Of these only C. jejuni and C.coli and rarely C.lari are associated with 
illness (Dekeyser, 1972). C. jejuni is implicated in about 95 % of the cases of human 
Campylobacteriosis, with the remaining cases being primarily caused by C. coli 
(Friedman et a l , 2000). Moore et al. (2005) revealed that C. jejuni is responsible for 80- 
85 % of all enteric Campylobacter infections, while C. coli ranks second in order (10-15 
%). Campylobacter jejuni differs from the other species in that it is hippurate positive 
(Catteau, 1995).
1.2.1.1 Growth and Survival
C. jejuni and C. coli have optimum temperatures for growth between 42-45°C and do not 
survive at cooking or pasteurisation temperatures. They do not grow below 30°C and 
survive poorly at room temperature, i.e. they do not multiply in food stored at 
temperatures up to 30°C (Cuk et al., 1987). C. jejuni will not survive below a pH of 4.9, 
is capable of growing in the pH range of 4.9 to 9.0, and grows optimally at pH 6.5 to 7.5 
(Hazeleger, et al., 1995). In addition Blaser et al., (1986) reported that Campylobacter 
can be killed with very high rates at pH 2-3. Inactivation of Campylobacter at low pH
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(3.0-4.5) is also temperature dependent. At 4°C, inactivation was slow, but increased 
rapidly at 25°C, and even faster inactivation was found at 42°C (Doyle and Roman, 
1981). However, certain strains (Cl 120) have been reported to exhibit an adaptive 
tolerance response to acid, which needs de novo protein synthesis, and which can also 
induced by sublethal exposure to acid and aerobic conditions (Murphy et al., 2003).
Campylobacters require reduced levels of oxygen (optimum growth at 3-5 % oxygen and
2-10 % carbon dioxide) and thus require a special atmosphere, which usually consists of 5 
% oxygen, 10 % carbon dioxide, and 85 % nitrogen for growth in or on laboratory media 
(Stem and Kazmi 1989). Consequently, Campylobacters do not grow in conventional 
aerobic or anaerobic culture systems. Campylobacter does not ferment or oxidize sugars. 
In some cases most strains will grow in static sloppy media (0.16 % agar) incubated 
aerobically and suitably supplemented with oxygen scavenging compounds (e.g. blood, 
haemin, inorganic iron salts, pyruvate and charcoal) (Barrow and Feltham,1993).
Campylobacter species do not survive well on dry surfaces, as a consequence of their 
sensitivity to drying and low water activity (aw). The organism grows optimally at a water 
activity of 0.997, and the minimum water activity for growth is > 0. 987 (EC, 2000). 
Survival appears to be temperature dependant however as Campylobacter can survive for 
several weeks in a dry and cold environment despite its sensitivity to drying (Fernandez et 
a l, 1985).
C. jejuni has a D-value of less than 1 min at 60 °C and is readily inactivated by heat. It 
should thus be eliminated by most of the common heat treatments applied to food. It is 
also inactivated by frozen storage (-15°C) (Stem and Kazmi 1989), but freezing does not 
eliminate the pathogen completely from contaminated foods (Lee et al. 1998).
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1.2.1.2 Incidence and Epidemiology
In the last 25 years, reports of cases of human illness caused by Campylobacter spp. have 
increased year by year. Most Campylobacter spp. are not identified at species level, but 
when this is done, C. jejuni is always the predominant species, followed by C. coli and, 
rarely C. lari (Franchin et a l , 2005). C. jejuni is one of the most commonly isolated 
gastrointestinal pathogens in humans, and poultry meat is the principal vehicle (Kramer et 
al., 2000). The number of cases of human Campylobacter infections is registered in 
twelve EU Member States. It can be noted that the number of reported human cases is 
increasing in many countries indicating that Campylobacter is the cause of an increasing 
human health problem. The incidence rates vary widely (from 9.5 in Spain up to 108 per
100,000 inhabitants in Scotland in 1997) probably due to differences in surveillance 
systems, diagnostic methods and ways of reporting (EC, 2000).
Mead et a l (1999) reported that 2.5 million cases of Campylobacter infection occur each 
year in the United States, and 80 % of these cases have been found to be the result of 
food-borne transmission. Epidemiological studies indicate a significant association 
between Campylobacter infection in humans and the handling, as well as the eating, of 
raw or undercooked poultry (Jacobs-Reitsma, 2000). Due to their fastidious growth 
requirements and absence of growth below 30°C, Campylobacter spp. do not multiply in 
foods held at room temperature, and infection by Campylobacter spp. most often results 
from consuming foods cross-contaminated in the kitchen by raw meats (Skirrow and 
Blaser, 1995). However, other animals such as cattle, sheep and pigs are also known to be 
carriers of Campylobacter spp. In the United Kingdom, an 18-month study showed the 
presence of Campylobacter in heat-processed cow's milk (ZOONOSES, 2000). 
Campylobacter has been isolated frequently from poultry in several countries.
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Uyttendaele et al., (1999) studied the occurrence of food-borne pathogens in poultry 
carcasses and poultry products for sale in Belgium markets imported from countries other 
than the European Union (EU) and found Campylobacter spp. in 21.9 % of 247 Belgian 
samples, 30.2 % of 427 French samples, 15.4 % of 13 Italian samples, and 54.5 % of 44 
United Kingdom samples tested.
Broiler chickens contaminated with Campylobacter may have a contamination rate as 
high as 60 % and levels as high as 1.5 x 106 CFU/ g fresh bird (Skirrow and Blaser, 
1995). In a separate study Campylobacter contamination was found to range between 10 
to 106 CFU / g on fresh chicken (Freidman et al, 2000). In another study by Jacobs- 
Reitsma (2000), 89 % of chicken neck skin samples and 75 % of chicken subcutaneous 
samples were shown to contain Campylobacter. Although Campylobacter has been 
isolated from different body parts of the chicken such as carcasses, feathers and crops 
(Nielsen et a l , 1997), there is little information about the possible sources of 
contamination. This information is extremely important in order to adopt proper control 
measures and thus to reduce carcass contamination. In the UK, Campylobacter continues 
to be a great challenge and, therefore, the government prioritizes the fight against this 
pathogen in order to reduce food-borne diseases (FSA, 2003).
1.2.1.3 Habitat and Possible Routes of Infection
Campylobacter species are found in the intestinal tracts of many birds and mammals that 
are used for food production, including sheep, cattle, pigs, and poultry (Skirrow and 
Blaser, 1995, Reezal et al., 1998; Uyttendaele, et al., 2003, Bhavsar, et a l, 2004).
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Campylobacter jejuni is predominantly associated with poultry while, C. coli is 
predominantly associated with pigs (Taux, 1992). Most Campylobacter infections in 
developed countries are sporadic and associated with raw poultry but infection may result 
from contact with pets, or the consumption of raw milk (Freidman et al., 2000). Water is 
thought to be one of the main transmission routes of campylobacteriosis, and drinking 
water contributes to a number of sporadic infections and outbreaks (Frost, 2001).
1.2.1.4 Clinical Symptoms
C. jejuni and C. coli are both responsible for Campylobacter enteritis but C. jejuni 
infections are more prevalent. Campylobacter enteritis afflicts mostly children under the 
age of 5. In most cases, the incubation period is 2 to 5 days. The sickness begins with a 
fever associated with malaise and headaches followed with nausea and abdominal 
cramping resembling the symptoms of acute appendicitis and diarrhoea (Altekruse, et al., 
1999, Catteau, 1995). Patients in developing countries appear to have less severe 
symptoms than those in developed countries. Moreover Nachamkin et al. (1992) reported 
that half of the patients with Campylobacter enteritis in the United States had bloody 
diarrhoea. Campylobacteriosis is typically a self-limiting disease and hospitalization due 
to Campylobacterosis is reported less often than for Salmonellosis or Listeriosis but may 
account for 10% of cases; deaths are rare (Frost, 2001).
Recently, C. jejuni has been linked to Guillain-Barre Syndrome (GBS). This disease is 
characterized by rapid progressive symmetric paralysis (Trachoo, 2003). GBS is 
considered to be an autoimmune-mediated disorder targeting the mylelin sheath of 
peripheral nerves (Yuki et al., 1993; Ang et al., 2002). Approximately, one case of GBS 
occurs for every 1000 cases of Campylobacteriosis (Altekruse, et al. 1999). Infection with
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Campylobacters of serotypes O: 19, O: 23 and O: 36 are particularly associated with the 
development of GBS (Penner and Aspinall, 1997). This association has implicated a 
relationship between anti-glycolipid auto-antibodies present in Acute-phase sera of GBS 
patients and the LPS fraction of the Campylobacter (Willison and Yuki, 2002). Similarly, 
animal models have elicited antiganglioside responses to the LPS from C. jejuni (Ang et 
al., 2002). Alios et al. (1998) suggested that the intensitivity of these strains to the lytic 
effects of complement allows them to trigger specific immunologic responses.
1.2.2 Salmonella
The genus Salmonella is a typical member of the family Enterobacteriaceae. These are 
Gram-negative, oxidase negative bacteria, with small rod-shaped cells, straight-sided and 
not exceeding 1.5 pm in width (Stanier et a l , 1986). Most Salmonella spp. are motile 
with peritrichous flagellae. This group of organisms consists of two species: Salmonella 
enterica, which is divided into 6 subspecies enterica, salamae, arizonae, diarizonae, 
houtenae, and indica; and Salmonella bongori (Reeves et al. 1989; EC, 2000). Most 
isolates from humans and warm-blooded animals belong to subspecies: Salmonella 
enterica subspecies enterica. Other Salmonella enterica subspecies and Salmonella 
bongori occur more commonly from cold blooded animals and the environment, and are 
of lower pathogenicity (Lake et al., 2002).
1.2.2.1 Growth and Survival
Salmonella spp are generally more resistant to environmental stress than Campylobacters 
that were considered previously. For Salmonella optimum growth occurs between 35- 
37°C, with lowest reported temperatures at around 5-7°C (D'Aoust, 2000). The pH for 
optimum growth is around 7.0, with values above 9.0 and below 4.0 being usually
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bactericidal (ICMSF, 1996). Regarding water activity optimal growth has been reported 
for an aw value of 0.99, but the organism may grow at an aw of 0.94 (Lake et a l, 2002).
Inactivation of Salmonella can occur during the freezing process, but this process does 
not eliminate this pathogen. Moreover, Salmonella is very sensitive to pasteurization 
(Adams and Moss, 2000). Thermal inactivation of Salmonella has been shown to occur in 
deep-fried chicken cooking from room temperature or frozen, and during roasting in a 
conventional or convection microwave oven or slow cookers (Doyle and Mazzotta, 
2000). The decimal reduction times (the required time to kill 90 % of the microorganisms 
present on the product at a specific temperature) are usually 2-6 min at 60°C and 1 min or 
less at 70°C usually (Doyle and Mazzotta, 2000). Some rare serotypes (e.g. S. 
Senftenberg) are significantly more heat resistant than the others, but this organism is not 
important as a food pathogen. Salmonella Senftenberg was reported to have D-value of 
220, 14 and 3 min at 55, 60 and 65°C, respectively in ground turkey thigh meat 
(Veeramuthu et al., 1998).
1.2.2.2 Incidence and Epidemiology
Members of this genus are responsible for diseases of humans and animals. The degree of 
host adaptation varies and affects the pathogenicity for humans in three ways: 1) 
Serotypes adapted to humans, such as S. Typhi and S. Paratyphi, usually cause grave 
diseases with septicaemic-typhoid syndrome (enteric fever); these serovars are not usually 
pathogenic to animals, 2) Ubiquitous serotypes, such as S. Typhimurium and S. 
Enteritidis, which affect both humans and a wide range of animals, cause usually 
foodbome gastrointestinal infections of varying severity, 3) Serotypes which are highly 
adapted to an animal host such as S. Abortus-Ovis (sheep), S. Gallinarum (poultry), S. 
Cholerae-Suis (pigs), and S. Dublin (cattle) (Acha and Szyfres, 1987).
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Gastrointestinal infections are usually acquired by ingestion of contaminated food or 
water. The majority of cases are caused by two serovars: Salmonella enterica serovar 
Typhimurium and Salmonella enterica serovar Enteritidis. Since the mid-1980s, the 
incidence of serovar Enteritidis infections has steadily increased and this serovar has now 
replaced serovar Typhimurium as the primary etiologic agent of Salmonella infections in 
many countries (Rabsch et al, 2001). The reason for the emergence of serovar Enteritidis 
as a pathogen is not known but is likely to be related to the increased presence of serovar 
Enteritidis in poultry used for human consumption. However, Salmonellosis (Salmonella 
gastroenteritis) can be caused by over 2,000 Salmonella serovars (Prescott, et al, 2003). 
Infection with Salmonella Enteritidis remains an important public health problem in 
Europe and some parts of the world (Fisher, 2004 and Drociuk et al. 2003). Outbreaks 
caused by Salmonella have been associated with a variety of foods. However, outbreaks 
caused by Salmonella Enteriditis are closely associated with eggs and egg products 
(Doorduyn et al., 2006 and Gillespie et a l , 2005). The United Kingdom Chief Medical 
Officer (DH, 1988a and 1988b) and Food Standards Agency (FSA, 2003) have drawn 
attention to the risk associated with eating raw and lightly cooked eggs and issued public 
health advice on the safe handling and use of eggs. Anonymous (1999) reported that 
approximately 30,000 cases of food-borne illness each year in England and Wales were 
due to Salmonella.
Salmonella outbreak investigations involving high fat products have shown that as few as 
1-2 cells per gram are sufficient to cause illness. A 1985 outbreak in UK was associated 
with Salmonella Nima in chocolate and the infective dose here was reported to be as low 
as 0.005 -  0.025 cells/g (AFS, 2006).
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Chocolate products manufactured in England have been implicated as the most likely 
source of an outbreak of Salmonella Montevideo that affected 37 people in the UK from 
February to June 2006. (AFS, 2006). Werber et al. (2005) reported that after 12 months 
storage at room temperature, Salmonella was still detectable in chocolate bars implicated 
in a 1982 UK Salmonella Napoli outbreak.
In the United States, approximately 40,000 Salmonella infections are confirmed by 
culturing each year and the true figure is estimated to be between 800,000 and 4 million 
infections, with approximately 500 fatalities (Angulo and Swerdlow, 1998). Salmonella, 
whose many serotypes are harbored by mammals, birds, and reptiles, cause an estimated
1,400,000 cases of illness and 16,400 hospitalizations per year in the United States (Mead 
et al., 1999).
The WHO (1997) reported on Salmonellosis cases in Saudi Arabia from 1989 to 1994. 
The lowest number of cases (973) was recorded in 1991 and the higher number of (1723) 
cases recorded in 1994. However The Ministry of Health (MOH.) in Saudi Arabia 
reported that, the total number of Salmonellosis increased between 2001 and 2002 by 32 
%, the total number of cases being 1927 and 2539, respectively. These cases do not 
include those hospitalized in private or military hospitals. The numbers have decreased 
since then. For example, in the period from April to June 2004, 2005 and 2006 the cases 
were 438 and 354, 282 respectively (MOH, 2004-2006).
A new strain of S. Typhimurium (called type DTI04) has been recently isolated as a 
significant cause of diarrhoea in animals and human in Canada, USA and Europe (Gynn 
et al., 1998). This strain is resistant to several antibiotics that have traditionally been used 
to treat Salmonella. The antibiotic resistant strain DTI04 made up an increasing
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proportion of the S. Typhimurium isolates from 1991 to 1996. This presented difficulties 
in treatment, and a relatively high mortality rate (3%) occurred amongst cases. The most 
common food sources were contaminated meats, especially sausages and burgers (Lake et 
al., 2002). Sherry et al. (2004) identified S. Typhimurium DTI04 as having resistance to 
both heat and high pressure stress.
1.2.2.3 Habitat and Possible Routes of Infection
The principal reservoir of Salmonella spp. is the gastrointestinal tract of mammals and 
birds. S  Enteritidis and S. Typhimurium are the serotypes most frequently isolated from 
poultry and other farm animals, respectively. Animals infected with the non-host adapted 
Salmonella spp. are usually asymptomatic carriers. Some of them, however, may exhibit 
clinical signs of low or moderate severity (D'Aoust 2000; EC, 2000).
1.2.2.4 Clinical Symptoms
Infections with the ubiquitous Salmonella spp. are characterized by febrile gastro­
enteritis, i.e. diarrhoea, stomachache, fever, headache, nausea, vomiting and malaise. The 
first symptoms appear 12-24 hr after infection and usually continue for about 3-5 days 
(range 2-7 days). In a few percent of the cases, invasive disease develops outside the 
intestine e.g. septicaemia and infections of the internal organs, bones and joints (EC, 
2000). Some of these complicated cases are fatal. Complications like reactive arthritis and 
persistent abdominal symptoms (diarrhoea, constipation and abdominal pain) can occur 
after the acute phase of disease (EC, 2000). Baird-Parker (1994) reported that in 5 % of 
cases, sequellae arise (e.g., septicaemia, endocarditis, multiple abscesses, polyarthritis, 
and osteomyelitis). In about 2 % of these complicated cases, the patient dies. Death 
usually occurs as a result of dehydration, severe kidney failure and /or sepsis and shock
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(Lester et al., 1991). Lund et al. (2000) revealed that humans are particularly vulnerable 
to S. Typhi and S. Paratyphi A, B, and C infections because of the ability of these strains 
to invade and multiply within host tissues. Clinical symptoms appear 7 to 28 days 
following exposure to these serovars. They added also, the symptoms of nontyphoid 
salmonellosis may include nausea, abdominal cramps, diarrhea with watery and possibly 
mucoid stools tinged with blood; also fever shortly (48 hours) following exposure to the 
bacterium.
1.2.3 Effect of Irradiation on Campylobacter and Salmonella
The biological effects of ionizing radiation on cells can be attributed to direct interactions 
with critical cell components and to indirect actions by molecular entities such as free 
radicals formed in the water (SCVMRPH, 1998). The DNA of the cell is the most critical 
target of ionizing radiation, and the inactivation of microorganisms is primarily due to 
damage to the DNA. Damage of DNA precedes either by a direct effect, caused by the 
molecules of the nucleic acid being ionized by the primary electrons disrupting DNA 
structure, or by indirect effect whereby the products of water radiolysis interact with the 
DNA molecule (Vincent et al., 1990). It is thought that indirect effects cause the majority 
of DNA damage (Diehl, 1990). DNA damage leads to loss of ability to reproduce, but 
injury to other critical organelles such as the cell membrane also contributes to the 
lethality of radiation (Ingram and Roberts, 1980). Prejean (2001) reported that the 
insufficient doses of irradiation might serve as a mutagenic catalyst that could create even 
more dangerous microbes. Conversely, if higher doses are used, the systematic 
eradication of the less irradiation-resistant microbes could create evolutionary pressure 
towards the evolution of irradiation-resistant strains, in the same way that certain strains 
of microbes have developed resistance to antibiotics. The majority of recognized
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radiation-resistant bacteria are members of the genus Deinococcus. The genus 
Deinococus was created for "Micrococcus radiodurans" and some other red-pigmented, 
radiation-resistant cocci and five species (viz. Deinococcus erythromyxa, Deinococcus 
proteolyticus, Deinococcus radioduans, Deinococcus radiophilus and Deinococcus 
radiopugnans) were assigned to the genus by Brooks and Murray (1981). With exception 
of D. erythromyxa, which has been shown to be related to the actinomycete division of 
the Gram-positive bacteria and is a member of the genus Kocuria, other deinococci form 
a coherent phylogenetic cluster related to the Thermus-Meiothermus lineage (Rainey, et 
al., 1997). Dienobacter grandis is another radiation-resistant bacterium, which 
phenotypically resembles deinococci but was assigned to a separate genus on the basis of 
its rod-shaped cellular morphology (Oyaizu et al., 1987).
1.2.3.1 Irradiation of Salmonella
The effects of irradiation on Salmonella has been studied by many investigators, most of 
which report that Salmonella are moderately resistant to irradiation treatment, although 
the required dose varies with the type of product, conditions of irradiation and level of 
contamination (Hanis et al., 1989). The use of low doses (2-6 kGy) of ionizing radiation 
to reduce the number of Salmonella and extend shelf-life of refrigerated poultry has been 
investigated previously. Cho et al. (1985) reported that Gamma radiation could extend the 
shelf life of poultry by 2-4 weeks. Chicken irradiated with 2 to 4.5 kGy became free of 
Salmonella, coliforms and staphylococci (Klinger et al., 1986). Similarly, Hanis et al. 
(1989) reported that chicken become free from Serratia marcesens and S. Typhimurium 
when exposed to irradiation doses of 2.5 and 5.0 kGy, respectively.
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Depending on strain of bacteria and other factors, the D-value of Salmonella ranges from 
0.4 to 0.8 kGy. At 3.0 kGy, the dose approved for poultry, irradiation would kill over 99.9 
% of the most radiation-resistant strains of Salmonella (Prejean, 2001). Salt content in the 
product also affects the effectivness of irradiation in killing pathogenic organisms. Highly 
significant effects of water content, water activity and NaCl content on the survival of 
Salmonella Typhimurium in irradiated chicken meat and ground pork loin have been 
observed (Thayer et al., 1995a). The D-values of S. Typhimurium were 0.48, 0.73, 0.78, 
0.87 and 0.72 kGy in meat rehydrated with 0, 25, 50, 75, and 100 % NaCl solution. Other 
products, such as shelled eggs (up to 3 kGy), have been recently approved for irradiation 
for safety reasons. Shelled eggs can be irradiated with the intention of significantly 
reducing populations of Salmonella spp. (CR, 2003).
1.2.3.2 Irradiation of Campylobacter
There have been a number of studies on the effect of irradiation on C. jejuni. Patterson 
(1995) investigated the sensitivity of C. jejuni, C. coli, and C. fetus to irradiation in 
poultry meat. This study found that the Dio values ranged from 0.12 to 2.5 kGy. There 
were significant differences in the irradiation sensitivity between Campylobacter species 
and within strains of the same species. The values indicated that Campylobacter was 
more sensitive to irradiation than Salmonella. In a separate study it was reported that C. 
jejuni cannot survive at a dose of 1 kGy in chicken paste (Lambert and Maxcy, 1984). On 
the other hand, Thayer (2004) revealed that the D-value of C. jejuni in poultry meat 
irradiated with electron, gamma, or X-ray ionizing irradiation ranged from 0.84 to 0.96 
kGy.
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1.2.4 Irradiation Chemistry of Foods
Food irradiation is the process of exposing food to a controlled source of ionizing 
radiation for the purposes of reduction of microbial load, destruction of pathogens, and 
extension of product shelf life (Smith and Pillai, 2004). Other food components may 
interact with the electromagnetic waves but since irradiation of food involves the 
absorption of relatively small amounts of energy, chemical changes are less than those 
observed in the cooking process, where large amounts of energy are absorbed (Diehl, 
1995; Obana et al., 2006).
1.2.4.1 R adiolytic Products
The energy characteristics of irradiation means that most of it passes straight through any 
food being treated, but a fraction is absorbed or scattered by molecules. Absorption of 
such high-energy irradiation usually results in the ejection of electrons and the creation of 
radical cations; hence the term of "ionizing radiation" is used for electromagnetic energy 
which leads to the formation of charged moieties. The words "radical" and free radical" 
are used to describe any chemical species, with the exception of transition metal or rare 
earth ions, which contain one or more unpaired electrons (Glidewell, et al., 1993; Tewfik, 
2007).
The chemical changes brought about by the irradiation of foods result from the formation 
of free radicals by the reaction of ionizing radiation with food components, leading to a 
wide variety of radiolytic products. Free radicals are not produced solely by ionizing 
radiation, as they are also generated by many other processes, including heating, 
photolysis, grinding and the reaction of food components with oxygen and peroxides 
(Stewart et al, 2001).
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The breaking of chemical bonds by irradiation is called radiolysis. It produces unstable 
reactive products that are subsequently converted to stable end products. The 
concentration of radiolytic products generated usually increases linearly with the 
irradiation dose and all radiolytic products have been found to be the same as thermolytic 
and photolytic products produced by heating and exposure to light respectively (Tauxe, 
2001).
The presence of water or oxygen and the relative amounts thereof can have a profound 
influence on the radiolytic process. Anaerobic conditions also influence the nature of the 
radiolytic products, since the presence of oxygen during irradiation can generate highly 
reactive super-oxide radicals, peroxy radicals and hydrogen peroxide (Brito et al, 2002).
The temperature and the physical state of the food can also affect the outcome of the 
process. Freezing for example, has a protective effect during irradiation by preventing the 
products of water radiolysis from reacting with the substrate. On warming, these products 
(hydroxyl radicals) tends to react preferentially with each other rather than with the 
substrate. Thus damage to the latter is often less when it is irradiated in a frozen state 
(Diehl, 1995; Sant' Ana and Mancini-Flho, 2000).
1.2.4.2 Effect of Irradiation on Food Constituents
The changes occurring in food after irradiation may be chemical, physical or biological, 
each type having the potential to provide a means of detecting and measuring the effect of 
irradiation (Bogl, 1990; Stewart, 2001). The major food components which include water, 
carbohydrates, proteins and lipids are all vulnerable to radiolytic attack (Rahman et al., 
1995).
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1.2.4.2.1 W ater
Water is the major component of foods, and the principal primary reaction in food 
irradiation is that of ionising radiation with water, which may be either free or bound. 
Water forms a number of radiolytic products, including hydroxyl radicals ( OH) , 
hydrated electrons, hydrogen atoms (H), hydrogen molecules (H2), hydrogen peroxide 
(H2O2) , and hydrated protons (H3 0 +) , each of which may react with food components. 
The only stable end-products of water radiolysis are hydrogen and hydrogen peroxide, 
which are largely lost prior to consumption. Thus, even where irradiation dose are high, 
the final concentrations of these two products are very low. Hydrogen peroxide is an 
oxidizing agent, but is of much less importance than the highly reactive short-lived 
radical and hydrated electron intermediates. The hydroxyl radical is a powerful oxidizing 
agent, while the hydrated electron is strong reducing agent. Hydrogen atoms are slightly 
weaker reducing agents. As a result, both oxidation and reduction reactions take place 
when foods containing water are irradiated (Brito et al., 2002).
1.2.4.2.2 Carbohydrates
In aqueous systems, carbohydrates react primarily with hydroxyl radicals to form ketones, 
aldehydes, or acids as end-products; deoxygenatation may also occur (Von Sonntag, 
1980; CAST, 1986). The irradiation of starch degraded it to dextrins, maltose, and 
glucose, leading to a decrease in the viscosity of polysaccharides in solution (Dau-phin 
and Saint-Lebe, 1977).
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1.2.4.2.3 Proteins
Irradiation-induced alteration in proteins can partly be ascribed to the reactions known 
already from their constituents, the amino acids and the peptide bonds, folding of the 
peptide chains, sulfide linkages between the chain and secondary binding forces such as 
hydrogen bonds as well as hydrophobic bonds or ionic bonds, or the bonds holding 
several sub-units together to form a functional protein, or the existence of metal centers. 
Many structural features can influence irradiation induced alteration in proteins 
(Delincee, 1983; Grolichova^a/., 2004).
The irradiation-chemical changes in proteins depend on irradiation conditions. If proteins 
are irradiated in the solid state and in a clear chemical form, the absorption of irradiation 
energy gives rise to free radicals. If proteins are irradiated in an aqueous solution or a 
mixture of other substances, chemical changes of amino acids will appear due to water 
radicals and radicals that arise from the individual mixture components (Grolichova et al., 
2004). However, the above-described changes are related to pure chemical substances 
whereas food proteins are built in complex mixtures that contain different substances in 
which the individual components protect each other against the effect of ionizing 
radiation.
1.2.4.2.4 Lipids
Oils and fats are major food components, and considerable interest has focused the 
radiolysis of these due to their vulnerability to oxidative rancidity under conditions of free 
radical oxidation. Irradiation, as a prime generator of free radicals will therefore 
exacerbate such reactions, and irradiation of fat containing food items such as meat, 
poultry, dairy and baked products can lead to the production of off-flavours for this
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reason (Nawar, 1986; Du et al., 2003). Lipid oxidation and associated changes are the 
major causes of the quality deterioration of meat during storage and irradiation of lipids 
induces the production of free radicals, which react with oxygen, leading to the formation 
of carbonyls, responsible for alterations in food nutritional and sensorial characteristics 
(Chen et al., 2006)
Fats and oils are generally composed of triglycerides. They are derived from glycerol and 
fatty acids. In general, fats derived from animal tissues contain a high proportion of 
saturated, and a lesser amount of mono-unsaturated acids, whereas vegetable triglycerides 
contain higher proportions of polyunsaturated acids. This compositional variation has a 
direct effect on their melting or solidifying points. At normal temperatures, saturated fats 
tend to be solid, whereas unsaturated, and particularly polyunsaturated tend to be liquid 
(Merritt, 1985). Yilmaz and Gecgel (2006) reported that only trans fatty acids changed 
with gamma irradiation in total lipid while, Formank et a l (2002) found that fatty acids 
whether saturated or unsaturated change with irradiation of total lipid in beef.
Triglycerides are vulnerable to radiolytic effect at several points as indicated in the 
diagram below Figure 2.
a b c d f  g
H2C-0-C0-CH2-CH2-CH2-R
el
HC-O-CO-R
h 2c -o -c o -r
Figure 2: Preferential cleavage points for a triglyceride molecule. Adapted Nawar (1986)
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Cleavage occurs preferentially at bonds in the vicinity of the carbonyl group (positions 
a,b,c,d,e) but can occur also at other locations (positions f,g) at the carbon-carbon bonds 
of the fatty acid chain on a random basis. This leads to a wide range of breakdown 
products. The chemical reactions resulting from the irradiation of lipids are affected by a 
number of parameters, such as (i) the composition of the lipid (saturated or unsaturated), 
(ii) the presence of other substances (antioxidant), (iii) whether the lipid is liquid or solid, 
(iv) the irradiation conditions (dose, dose rate, temperature, presence of oxygen) and (v) 
post-irradiation treatment (storage atmosphere, temperature) which is also of great 
importance, particularly with lipids ( M erritt, 1985; Nawar, 1986; Chen et al., 2006).
Two types of changes induced in fats by irradiation have been identified. The first one 
autoxidation induced by irradiation, is much the same as that which occurs without 
irradiation. Irradiation, however, accelerates the process; it produces free radicals whose 
types and decay rates are affected by temperature. After irradiation these free radicals can 
react with oxygen over an extended period. The free radicals cause the formation of 
hydroperoxides, which yield a variety of compounds including alcohols, aldehydes, 
esters, hydrocarbons, hydroxy and keto acids, ketones, lactones, oxoacids and dimeric 
compounds. The second one is a non-oxidative change that occurs when oxygen is 
excluded during and after irradiation. Radiolytic products include H2, C 02, CO, 
hydrocarbons and aldehydes (Stevenson, 1996; Sant' Ana and Mancini-Flho, 2000).
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1.2.4.2.5 Vitamins
There is some concern over the effect of irradiation on other micronutrients, especially 
vitamins. In most studies, vitamins have been shown to retain substantial levels of activity 
post irradiation (Smith and Pillai, 2004). This study also demonstrated that, vitamin A, C, 
and E are more sensitive and are thereby reduced at higher doses of irradiation, even 
though these losses are often similar to those occurring with thermal processing. Vitamin 
E is the most sensitive of the fat-soluble vitamins with significant losses (50 %) occurring 
when irradiated in the presence of oxygen. When oxygen was excluded or vacuum 
packaging was used, the losses were less than 10 % (Josephson et al., 1975). Thiamine 
(vitamin B l) has been shown to be the most vulnerable to radiation and is therefore used 
to demonstrate the "worst-case" scenario (WHO, 1994). Significant losses can occur in 
irradiated meat products (Graham et al., 1998). However, the extent of such losses is 
dependent on processing conditions (temperature and dose) and can be minimized using 
packaging techniques (Fox et al., 1997). Irradiation produces no greater nutrient loss 
(Table 1) than occurs in other processing methods, such as canning. (Blumenthal, 1990; 
Food Irradiation, 1989).
Table 1: Effect of irradiation on vitamin contents in chicken compared with cooking process
Vitamin Non-irradiatedsample(Cooking) Irradiated sample
Vitamin E (milligrams) 3.3 2.15
Thiamin (milligrams) 0.58 0.42
Niacin (milligrams) 58 55.5
Folacin (milligrams) 0.23 0.18
Taken from Sreenivasan, 1974)
* Amounts are for 2.2 pounds (1 kilogram) of cooked chicken.
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1.2.5 Detection of Irradiation in Foods
The detection and accurate measurement of irradiation in food is an essential element of 
food safety. It enables food safety authorities to enforce their legislative practices. The 
ionising radiation treatment is a safe and reliable method widely accepted and used for 
food preservation (WHO, 1981; Delincee, 1998; WHO, 1999; EN 1784, 2003). The 
commercialization of irradiated food strongly depends on the availability of sensitive and 
reliable analytical techniques to identify irradiated foodstuffs.
Recent developments in food irradiation chemistry have contributed remarkably to 
monitoring the nature of the changes occurring in irradiated foodstuffs. Pulse radiolytic 
techniques and electron spin resonance spectroscopy are valuable methods for 
determining any radical intermediates produced, whereas identification and quantification 
of chemical changes due to irradiation are usually carried out by means of gas 
chromatography (GC), high performance liquid chromatography (HPLC) as well as mass 
spectrometry (MS) techniques (Elias and Cohn, 1977; Horvatovich et al., 2002).
1.2.5.1 Chemical Methods of Detection Based on Food Composition
Foods are complex mixtures of many substances, all of which compete with one another 
to absorb the ionising radiation, so that the effects on any one component are expected to 
be minimal. This is in marked contrast to the effects of irradiation on pure chemicals in 
solution, where the impact is generally much greater. As it is difficult to establish truly 
unique radiolytic products and the yields of the products that are formed are low, 
developing reliable analytical methods to measure chemical changes in irradiated foods 
continues to be a difficult task. (Rahman et al., 1995; Delincee, 1998).
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1.2.5.2 Lipid Based Methods
Many investigators have studied the effect of irradiation on lipids (Merritt, 1985; Rahman 
et al, 1995; Tewfik, 2007). These studies have demonstrated that a relationship between 
the radiolytic products formed, lipid type and dose. The available lipid based methods for 
the identification of irradiated foods, including the detection of long chain volatile 
hydrocarbons and 2-alkylcyclobutanones which are derived from lipids affected by 
irradiation.
1.2.5.3 Cyclobutanones Method
In the early 1970’s a series of cyclic 2-alkylcyclobutanone compounds were isolated 
following the irradiation of pure triglycerides at 60 kGy (LeTellier and Nawar, 1972). 
These compounds are the only cyclic compounds reported in the radiolytic products of 
triglycerides and have the same number of carbon atoms as the parent or precursor fatty 
acid from which they are formed. The alkyl group is located in the ring position 2. These 
products have been postulated to arise as a result of preferential cleavages at the acyl-oxy 
bond of triglycerides, and then by a subsequent rearrangement process as illustrated in
Figure 3. Therefore, when four of the major fatty acids present in most lipid containing 
foods, namely, palmitic, stearic, oleic and linoleic acids are exposed to ionizing radiation, 
their respective 2-dodecyl- (2-DCB), 2-tetradecyl- (2-TCB), 2-tetradecenyl- and 2- 
tetradecadienyl- cyclobutanones are formed. The level and therefore the ratio of DCB to 
TCB formed in the irradiated food is also found to match the levels of their precursor 
fatty acids, i.e. palmitic and stearic acids levels present in the food prior to irradiation. 
However, in some instances, such as liquid egg or cheese, this ratio does not hold true. No
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satisfactory explanation is currently available (Crone et al., 1992a; Paramita, 2003).
The 2-alkylcyclobutanones which have received the most attention are 2-DCB and 2- 
TCB. To date, there is no evidence that these cyclobutanones have been detected in 
unirradiated foods. According to the British and European Standards these two 
cyclobutanones are extracted using n-hexane or pentane along with the fat. The extract is 
then fractionated using adsorption Florisil chromatography after which it is concentrated 
prior to separation by gas chromatography and detection with a mass spectrometer. 
Separation of the 2-alkylcyclobutanone is carried out using a suitable capillary column 
(12m x 0.22mm, with a 0.33 pm stationary phase of 10% polysiloxane). DCB produces 
peaks of ions m/z 98 and m/z 112 in a ratio approximately 4.0-4.5:l, while for TCB the 
corresponding ratio is approximately 3.8-4.2:l. Both ions m/z 98 and m/z 112 must be 
present and in the correct ratio to give a positive identification. This ion constitutes the 
most abundant peak in the mass spectrum (Tewfik, 2008).
Using Gas Chromatography-Mass Spectrometry (GC-MS), both DCB and TCB have 
been consistently identified in irradiated chicken, lamb, liquid egg and a selection of 
cheese. Selected monitoring of ions 98 and 112, the two most abundant ions in the mass 
spectrum of DCB and TCB in the selected ion mode using mass: charge ratios (m/z value) 
have produced consistent peaks for these samples. The ion ratio and retention time are 
also identical to those of authentic standards of DCB and TCB. The details above form 
the basis to the current British and European Standards for the identification of fatty 
containing irradiated foods using cyclobutanone as markers (Merritt, 1985, Tewfik, et al., 
1999; EN 1784, 2003).
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Positive identification of the markers is also possible using mass infrared spectra of the 
DCB peak which has an IR absorption at 1798/cm characteristic of a ketone group 
attached to a 4-membered ring (Crone et al., 1992). A large absorption peak is also resent 
in the region 2900-3 000/cm, which is attributed to a saturated alkyl chain containing 
absorptions due to symmetric and antisymmetric -CH2 stretches, symmetric and 
antisymmetric -CH3 stretches and >C-H stretch. The formation of DCB is related to the 
dose used for the irradiation of chicken (Stevenson et al., 1992; Stevenson, 1994; Tewfik, 
2008).
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Triglyceride irradiation \  ^ CH2 CH2
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+
HCOOCR x  CH2
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Figure 3: Formation of 2-alkylcyclobutanone from a triglyceride molecule
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1.2.5.4 Protein Methods
Karam and Simic (1988a, b) reported that during irradiation of chicken, o-tyrosine is 
formed from phenylalanine in sufficient amounts to identify treated samples. Wang and 
Von Sonntag (1991) pointed out that the formation of 0 -tyrosine is dependent mainly on 
the oxygen content of the meat during irradiation.
1.2.5.5 Carbohydrate Methods
The changes in carbohydrates during irradiation seem to hold more promise as a means of 
identifying irradiated foods. Irradiation of colloidal starch, cellulose and pectin caused a 
decrease in their viscosity which revealed a secondary radiolytic marker of potential value 
(Rahman ef al., 1995).
1.2.5.6 Vitamin Methods
Thayer (1988) used thiamin as a possible marker of irradiation since an atypically low 
concentration might indicate exposure to ionizing radiation. This approach could not be 
used, however, if the food had undergone thermal processing such as cooking, as that 
would also result in loss of thiamine.
1.2.5.7 Detection of the Volatile Present in Spices
Swallow (1988) reported that the changes in the volatile content of spices could be used 
as an indictor of irradiation process. This used study gas chromatographic technique of 
volatile content and examined the new peaks which indicated an exposure to irradiation. 
Generally, however, differences in the patterns of volatiles from irradiated and
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unirradiated spices appear to be small. In addition, the patterns of different varieties and 
those between batches of the same spice may differ significantly.
1.2.5.8 Methods Based on Nucleic Acids (DNA)
After irradiating DNA, chemical changes of sugars and bases, strand breakage, and base- 
base and base-protein cross-links have been detected (Von Sonntag, 1987). Attack by 
hydroxyl radicals is the primary cause of these changes. This attack is manifested in two 
ways. Firstly, the helical stranding of the complex molecule can be ruptured. Secondly, 
the constituent purine and pyrimidine bases can be hydroxylated to form unique 
secondary radiolytic products, namely 8-hydroxyguanine and 5-hydroxycytosine. These 
products can be isolated and identified by HPLC or GC-MS (Mayer and Bogl, 1991; 
Rahman etal., 1995).
Although this approach holds considerable diagnostic promise, it does not at present lend 
itself to rapid or simple deployment as it requires expensive instrumentation and skilled 
analysis. A detection method based on irradiation-induced changes in DNA has 
potentially wide applications. A promising method of detecting DNA fragments by 
microelectrophoresis of single cells followed by staining with acridine orange and 
examination under a fluorescence microscope has been investigated. The migration of 
DNA fragments produces a ‘tail’, while intact DNA are seen as a small, bright dot. The 
problem with this approach is that the changes observed cannot be distinguished from 
those that occur following other treatments such as freezing (Spano et al., 1991).
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The effects of relatively small doses of radiation were demonstrated by examining 
mitochondrial DNA from bovine liver (Marchioni and Hasselmann, 1991). In this study 
mitochondrial DNA was reported as being more protected in comparison with nuclear 
DNA. The amounts of supercoiled, circular (single strand break) and open strand DNA 
(double strand break) were determined by gel electrophoresis (Schreiber et al., 1993). 
Another gel electrophoresis technique, pulsed field gel electrophoresis (PFGE), was able 
to detect irradiation even in nuclear DNA (Mayer et al., 1992). Initial results have shown 
a surprisingly small difference in strand breaks in the cells of turkeys from various 
poultry farms, which were examined in untreated form as well as after irradiation at 3 
kGy. This technique dose not apply a constant, uniform electric field, but varies the 
direction of the field with a certain frequency. This enables a migration of larger DNA 
segments into gel.
1.2.5.9 Changes in DNA Base Pairs
Dihydrothymidine is one of the ionizing radiation products of DNA which is produced 
under anoxic conditions by the interaction of water-derived free radicals and thymidine. 
Irradiation consumes oxygen and thus dihydrothymidine is a good marker for this 
treatment. Dihydrothymidine is not produced by any other treatment and is therefore, 
highly specific to irradiation. Enzyme linked immunosorbant assay (ELISA) methods 
have been developed to detect the changes in the DNA brought about by the formation of 
dihydrothymidine (Rahman et al., 1995; Stewart et al, 2001).
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1.2.5.10 Detection of Irradiated Foods via Determination of Hydrogen
Hydrogen is known to be produced by irradiation (Swallow, 1988; Rahman et a l, 1995) 
but, unless the gas is trapped in a food package such as a can, it will quickly diffuse out of 
the food. Dohmaru et al. (1989) reported that irradiation of pepper can be detected by 
measurement of ambient hydrogen. Here GC analysis of the gas evolved after grinding 
irradiated pepper in a gas-tight ceramic mill, indicated that hydrogen was liberated and 
that treated pepper could be identified in this manner for 2-4 months depending on 
storage temperature.
1.2.5.11 Electrical Impedance
Electrical impedance of food matrices can be changed when affected by irradiation. The 
measurement of changes was carried out at various frequencies by inserting an electrode 
into the food. Ehlermann (1972) measured changes in impedance in fish as a means of 
estimating radiation dose, but biological variations in the impedance of fish themselves 
were found to be far greater than the changes brought about by irradiation in the dose 
ranges of interest. Hayashi (1988) showed that measurement of impedance at 50 and 5 
kHz could be used to identify irradiated potatoes: the ratio of the impedances at these two 
frequencies was shown to be dose-dependent, unaffected by storage or growth conditions, 
and little affected by the variety chosen. This study concluded that the absorbed dose 
could be estimated as long as 6 months after irradiation if the potato variety was known. 
In summary, measurement of impedance is potentially of value in determining whether 
potatoes have been irradiated.
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1.2.5.12 Viscosity Measurement
During irradiation, breakage occurs in macromolecules, such as starch, pectin or 
cellulose, which in turn influences jedification. The degree of j edification, after heating 
ground spices suspended in alkaline solutions, is measured under standardized conditions 
using a rotation viscometer (Schreiber et a l , 1993; Lee et al., 2003). The naturally 
occurring variation in the viscosity of most of the examined spices however almost 
exceeded the radiation-induced changes (Heide and Bogle 1990). In other studies though 
small intersample variations were found in comparison with radiation-induced decreases 
of viscosity (Wagner et al., 1992). Two additional studies have revealed a reduced 
viscosity in non-irradiated pepper samples. However, in both cases it was not checked if 
samples had been irradiated prior to examination, which is most probable since the 
reduction is comparable with an irradiation dose of 10 kGy (Farkas et al., 1990).
One encouraging aspect of this approach is that viscosity is relatively stable on storage, so 
changes due to irradiation can be detected even after several years (Rahman et al, 1995; 
Yook et al., 2004). Farkas et al. (1990a) suggested that viscosity changes in ground 
pepper could be used as a basis for a rapid, simple method for irradiated spices, but also 
showed that high humidity can lead to significant changes in the physical properties of 
spices. No firm conclusion could be reached since although changes in viscosity were 
observed, they were inconsistent in that there were some increases and some decreases. 
Even different varieties of the same spice behaved differently. Sample preparation may 
also significantly affect the results.
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1.2.5.13 Thermal Analysis
Differential scanning calorimetry (DSC) could be used as a detection method of irradiated 
foods. Rustichelli (1990), used DSC to detect differences between irradiated and 
unirradiated chicken. DSC also detected the differences in irradiated cod and mushrooms 
(Kent, 1991).
1.2.5.14 Near-Infrared Analysis (NIR)
This method is based on the near-infrared reflectance characteristics of food, and enabled 
to distinguish irradiated spices from nonirradiated spices (Sadeck, 2007).
1.2.5.15 Electron Spin Resonance (ESR)
Exposure of foods to ionizing radiation generally produces free radicals which may be 
determined by a variety of techniques, ESR being the method of choice for direct 
detection. Electron spin resonance measures very small concentrations of radicals 
produced by irradiation of a solid matrix such as bone (Lee, 2004). This method is 
currently limited to food containing bone, such as poultry and fish, but may have some 
application in other foods containing a solid matrix. The ESR technique requires 
expensive instrumentation and special expertise, which may limit its practical application, 
but dedicated ESR equipment that claims to need no specialist knowledge is now 
available (Gray and Stevenson 1990; Rahman et a l , 1995). It has application to various 
types of food such as fruit, bulbs, grains, meat, seafood, spices, etc (Stewart et a l , 2001).
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1.2.5.16 Luminescence
Luminescence is the emission of light when trapped energy is liberated either by the 
addition of a chemical (Chemiluminescence) (CL) or by heating (Thermoluminescence) 
(TL), when trapped charge carriers are released (Sanderson, 1990). Spices, herbs and 
other dry ingredients have been studied extensively by the CL technique (Heide and 
Bogle, 1990; Raffi, 2000).
Thermoluminescence has been used for irradiation dosimetry (Mahesh & Vij, 1985) and 
Heide and co-workers have used it to identify a variety of irradiated foods (Heide and 
Bogl, 1987). As with CL, the method is simple to use. The dry sample is heated at the rate 
of 10°C per second to a temperature of 300-400°C and the light emitted is measured. The 
samples are reheated to give a background value and the difference between the two 
values is used as a measure of the light emitted. Here again, the technique has been 
studied intensively; over 40 different commodities have been investigated.
Among the physical identification methods, the TL method is suitable for food 
containing silicate minerals as contaminants (Bayram and Delince'e, 2004; Raffi et al., 
2000), such as herbs (Khan and Delince'e, 1995), spices (Sharifzadeh and Sohrabpour, 
1993), seafood (Pinnioja, 1993), dry fruits (Khan et al, 2002) and potatoes (Kwon et al, 
2002).
1.2.5.17 Histological, Morphological and Biological Effects
The cell structure of plant and animal tissue may be affected by ionizing radiation, and 
some of the changes may be observable macro scopically, so that they could serve as 
detectors of irradiation. Most of the procedures, however, take a long time to complete, 
often even weeks. Sparenberg (1974) considered that tissue culture and detection of
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morphological changes in buds of irradiated potatoes were reliable indicators of 
irradiation.
1.2.5.18 Methods Based on Microbiological Effect
Radiation-induced changes in the microbiological flora of products can be detected after 
irradiation (Gibbs and Wilkinson, 1985; Rahman et a l , 1995) but their suitability for 
indentification purposes is doubtful due to large , naturally occurring variances and the 
effects of chemicals (Kampelmacher, 1988). However, there are reports of successful 
identifications of irradiated spices, herbs, meat and milk products obtained by comparison 
of the number of viable aerobic microbes determined by the aerobic plate count (APC) 
and the number of all microbes determined by direct epi-fluorescence filter technique 
(DEFT) (Manninen and Sjoberg, 1991; Stevenson and Stewart, 1995). This approach 
measures the levels of both viable and non-viable organisms. Foods may be judged to 
have been irradiated if the DEFT count is larger than the APC count by a factor of more
4
than 10 . Sjoberg et al. (1990) considered the combined use of DEFT and APC to be a 
suitable method for detecting the irradiation of foods, particularly spices. However other 
processes, such as heat or ethylene oxide treatment, give similar results and this 
microbiological test cannot be considered be specific. Results need to be confirmed by 
another technique such as thermoluminescence.
The screening methods of major interest include the direct epifluorescent filter 
technique/aerobic plate count test (DEFT/APC), as well as different methods based on 
electrophoresis which show that DNA has been damaged. Detection methods that can be 
used to confirm screening test results include TL, ESR, and the identification of volatile 
molecules such as alkanes and alkenes, and of alkylcyclobutanones.
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This study focused on the microbiological and chemical aspects of food irradiation
and had the following aims:
1- To establish a laboratory based system to allow the effect of irradiation on the two 
major bacterial food borne pathogens associated with poultry to be studied.
2- Using this system to establish the influence of media composition on organisms 
recovers after irradiation.
3- Determine whether C. jejuni mutants defective in oxidative stress mechanism are 
hypersensitive to irradiation.
4- Determine whether ionic solutes can protect against irradiation or enhance its 
bactericidal effect.
5- Determination of 2-dodecylcyclobutanone (DCB) as a radiolytic marker extracted 
from chilled minced chicken irradiated at different doses using the direct solvent 
extraction procedure.
6- Examine the effect of storage at 5°C on the levels of radiolytic marker (DCB) 
extracted from irradiated minced chicken samples.
7- Quantify and predict the shelf-life of chicken samples which have been stored frozen
(at -18°C) for up to twelve-months after being irradiated at 7kGy (as 
recommended by FDA) using gamma irradiation.
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Chapter 2
2 General Materials and Methods
2.1 Microbiological Experiments using X-rays
2.1.1 Campylobacter strain and preparation of cultures
Campylobacter coli NCTC (11951, 11847, 11828 and UA585), Campylobacter jejuni 
NCTC (11350, 11366, 11438 and 11168) and Arcobacter butzleri were obtained from 
the National Collection of Type Cultures (NCTC) (Colindale, United Kingdom). Mutant 
strains of C. jejuni NCTC 11168 deficient in SodB, KatA and AhpC, were constructed 
and kindly provided by K. Elvers (University of Surrey). All strains were stored at -  80 
°C in Microbank® storage vials (Pro-lab Diagnostics, Cheshire, UK). The organisms were 
routinely cultured and maintained on Mueller Hinton Agar and Mueller Hinton Agar plus 
10 pg ml"1 chloramphenicol for the C. jejuni mutant strains. Cultures were then incubated 
at 37 °C for 24 hr in a microaerobic atmosphere (gas mixture of, approximately 5% 
oxygen, 10% carbon dioxide and 85% nitrogen) using the CampyGen system (Oxoid Ltd, 
Basingstoke, Hampshire, UK). For irradiation studies organisms were harvested from 
cultured plates from an over night incubation and diluted using Mueller Hinton Broth 
(MHB) and the optical density at 600 nm adjusted to 0.6. This suspension (1ml) was then 
inoculated into MHB and incubated microaerobically at 37°C for 12hr with shaking at 
100 rpm using a platform shaker to an optical density OD600 nm of 0.32 (ca 109cfu/ml, 
late exponential phase). These cultures were then irradiated at a variety of dose levels and
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viability assessed by plate counting using Maximum Recovery Diluent (MRD; 0.85% 
NaCl, 0.1% bacteriological peptone; Oxoid Ltd, Basingstoke, Hampshire, UK). The 
recovery media are described in section 2.1.4
2.1.2 Salmonella strain and preparation of cultures
Salmonella Typhimurium (GpB 1.4.5.12:i.l.2) was obtained from the University of 
Surrey culture collection, and was stored frozen at -80°C as described above. Cells were 
grown to a density of ca 109 cfu/ml in 10 ml of Nutrient Broth (NB; Unipath UK Ltd, 
Basingstoke, Hampshire, UK) by incubation with shaking at 250 rpm at 37°C for 24h. 
Viability was assessed as described for C. jejuni and the media used described in section
2.1.4.
2.1.3 Irradiation process
One ml samples of C. jejuni and X Typhimurium prepared as described above were 
aliquoted into eppendorf tubes. Irradiation was delivered using a molybdenum target X- 
ray tube (Figure 4,Figure 5 and Figure 6) -  capable of 50 kV. The source was emitted at 
dose rate of 3000 Gray/hour at a distance of 1 cm from the X-ray tube window. Dose 
levels of 1-7 kGy were used to study the effect of X-ray irradiation on different strains of 
C. jejuni, different strains of C. coli, Arcobacter butzleri, S. Typhimurium and various 
C. jejuni mutants (ahpC, sodB, katA).
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Figure 4: Molybdenum target X-ray tube with high voltage supply and cooling fan on the right and
left respectively.
Figure 5: X-ray source with the micro-centrifuge tube positioned 1cm from the X-ray tube window. 
External cooling is required to prevent the tube from over heating
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Figure 6: View of the X-ray tube window and microorganism suspension in the micro
centrifuge tube
2.1.4 Media selection
This study employed various types of media for the recovery of cells after irradiation; 
Blood Mueller Hinton Agar 5% sheep blood (BMHA), was prepared by adding 38 gram
Mueller Hinton Agar (MHA) to 1000 ml of high purity water which was then sterilized
0 • by autoclaving at 121 C for 15 minutes. After cooling to 45°C in a water bath, 5% sterile
defibrinated sheep blood was added. Mueller Hinton Agar (MHA) was prepared as
described above but without added sheep blood. Charcoal-Cefazolin-Sodium
Deoxycholate Agar (CCDA) was prepared by adding 22.75 gram of Campylobacter
Blood free selective Agar to 500 ml of distilled water. This was brought to the boil until
the medium was dissolved. The solution was then sterilized by autoclaving at 121°C for
15 minutes then cooled to 50 °C. Finally 1 vial of CCDA selective supplement
(Cefoperazone 16 mg, Amphotericin B 5 mg) reconstituted with 2 ml of sterile distilled
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water was added aseptically. Xylose Lysine Deoxycholate Agar (XLDA) was prepared by 
suspending 57g of powder (XLDA) in 1L of purified water. The medium was mixed 
thoroughly and heated with agitation until the medium boiled. It was then cooled to 45- 
55°C in a water bath and used immediately. All media solutes were purchased from Fisher 
Scientific UK Limited Loughbrough, UK. CCDA was used as selective media for 
Campylobacter jejuni and mutants. On the other hand, XLDA was used as selective 
media for Salmonella Typhimurium after irradiation treatment. MHA was used as general 
media. MHA+Blood was used to improve recovery of sub-lethally damaged cells. XLDA 
and CCDA were used as a selective media for Salmonella and C. jejuni respectively, to 
prevent growth of sub-lethally damaged cells.
2.1.5 Incubation conditions
Cultures were irradiated at different doses: 1, 2, 5 and 7 kGy and then survival measured 
by plate counting. All plates were prepared in duplicate. Campylobacter strains were 
incubated microaerobically at 37°C for 48hr. S. Typhimurium was incubated aerobically 
at 37°C for 24hr. Arcobacter butzleri was incubated aerobically at 30°C for 24hr. 
Colonies were then counted using a Quebec colony counter (Bibby Sterilin Ltd, Stone, 
UK) and counts expressed as CFU ml'1.
2.1.6 Agents added during irradiation
The effect of X-ray irradiation on C. jejuni and S. Typhimurium was determined in the 
presence of a number of ionic salts and glucose. The identity of the supplements and the 
concentration at which they were used is shown in Table 2.
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Table 2: Supplements used in the study
Supplements Concentration used (mM) Source and reference
NaN02 10,20 Sigma
NaN03 50, 100 Sigma
NaCl 10, 2 5 ,5 0  ,75, 100 Sigma
KC1 10,50 Sigma
Glucose 50, 100,200,400 Sigma
FeS04 1 0 ,5 0 ,  100 Sigma
2.1.7 Defined media
So that the affect of iron limitation and excess on the sensitivity of C. jejuni to X-ray 
irradiation could be studied cells were grown in a defined media. Liquid cultures (50 ml) 
of C. jejuni were grown microaerobically in different concentrations of FeSC>4 (0, 10, 50, 
lOOmM) in Glasgow Minimum Essential Medium liquid (G-MEM, Invitrogen) which 
was used as supplied. 5.04g GMEM powder was dissolved in 500 ml sterile deionised 
water and stirred until completely dissolved. To provide buffering capacity 25mM 
HEPES was added and to provide a carbon source for growth 20 mM Pyruvate was 
added. It was then filter sterilised (Nalgene) and transferred into sterile bottles in tissue 
culture flasks with vents.
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2.1.8 OH measurement
Hydroxyl radical (OH) measurement was carried out using Teraphthalic acid (TA) as a 
trapping agent according to Yan et al. (2005) and summarized as follows: One ml of 
Teraphthalic Acid (TA) was added to 1 ml of Mueller Hinton Broth (MHB) with and 
without 100 mM NaCl. Samples were then irradiated at 7.0 kGy. The total fluorescent 
intensity of the samples was measured at an excitation of 326 nm and emission of 432 nm 
Using Luminescence Spectrometer (LS45, Perkin Elmer, UK.) equipped with a spiral 
Xenon flash tube as the excitation source and small festoon lamp close the excitation 
sources maintains an even triggering of the Xenon flash tube. The results are multiplied 
by the rhodamine correction curve, which is stored in the instrument, to correct the 
spectral response of the photomultiplier tubes and the transmission response of the 
beamsplitter
2.1.9 Growth in NaCl
Different concentrations of NaCl (0, 50 mM) were added during Campylobacter growth. 
Cultures were grown overnight at each concentration in 25 ml of Mueller Hinton broth at 
37°C under microaerobic conditions with shaking at 100 rpm. Cultures (1ml) were then 
centrifuged for 5 minutes (centrifugal force 5000g) to pellet the cells and the supernatant 
was removed. Finally cell pellets were resuspended in 1ml fresh MHB and 0, 50mM 
sodium chloride were added. Cultures were then irradiated and incubated as described in 
section 2.1.5.
79
Chapter 2. General Materials and Methods
2.1.10 Data analysis
The obtained results were subjected to analysis of variance (ANOVA) by two way 
interaction, followed by Duncans multiple range test (P< 0.01) to determine a significant 
differences among tested samples according to Users Guide of statistical Analysis System 
(SAS, 1996). The log io of colony forming units per ml (CFU ml'1) was calculated and 
mean logio of colony forming units per ml was plotted against irradiation dose (kGy).D- 
values were calculated by using the reciprocal slope of the equation derived from the 
best-fit line of the mean logio data. The determination of D-values was carried out for 
each medium to provide information on the relative resistance of the microorganism 
under investigation. A significance level of P< 0.01 was used in all statistical analysis. 
The graphs and standard deviation of the means (SD) were calculated and constructed 
using Microsoft Excel 2003 (Microsoft Inc., Redmond, Wash., USA).
2.2 Microbiological and chemistry experiments using Gamma 
Rays
2.2.1 Chicken sample preparation for microbial and chemical 
analysis
Fresh British minced chicken samples (lOOOgram) were purchased from local 
supermarkets in London, UK. To reduce the chance of microbial contamination, samples 
were generally irradiated frozen (-18°C) at 7kGy (dose rate was lkGyh'1). Irradiation was 
carried out by the National Physical Laboratory, Teddington, UK. The source of ionising 
radiation was 60Co (Cobalt 60) -  employing a Gammacell irradiator. Amber Perspex 
dosimeters (Type 3402B, AEA, Technology, Harwell) were used for the measurement of 
the applied irradiation dose. The absorbance of the dosimeters was measured
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spectrophotometrically at 603nm. The corresponding dose was obtained from calibration 
graphs by NPL. Following irradiation the samples were kept frozen at -18°C, packed in 
polystyrene boxes and transported to the laboratory in an ice-box.
Chicken sample was divided into two parts. One part was used in chemistry experiment 
and the second part was used in microbiology experiment. For each of these one part was 
used as non-irradiated control (0 kGy) and the other part was aerobically packaged and 
irradiated with the 60Co source (described above) at dose of 7 kGy. After irradiation the 2- 
dodecylcyclobutanone (DCB) concentration, and total bacterial counts (TPC) were 
determined at zero time (control) and other samples were stored at -18°C. During 
subsequent frozen storage at -18°C, the total bacteria count and the 2- 
dodecylcyclobutanone (DCB) concentration of unirradiated and irradiated minced 
chicken sample were determind each month for 12 months.
2.2.1.1 Microbiological analysis
2.5 grams of chicken sample were homogenised in 25 ml of 0.10 peptone water using a 
stomacher model 400 (Seward Laboratory, London) for 1-2 minutes and decimal dilutions
1 7ranging from 10' to 10' were prepared and plated onto Tryptone Glucose Yeast Agar. 
Plates were incubated at 37°C for 48 h and colonies were counted as described in section
2.1.5.
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2.2.1.2 Chemistry analysis
The 2-dodecylcyclobutanone (DCB) was determined as described below in section 2.3.
2.3 Chemical Experiments
2.3.1 The DSE (Direct Solvent Extraction) method for the 
extraction of cyclobutanones from irradiated foodstuffs
2.3.1.1 DSE Chemicals and standards (Tewfik, 2008)
The chemicals and standards used in the DSE methods are listed below in Table 3
Table 3: The chemicals and standards used in the DSE methods
Chemical Source
Hexane -  (AR pesticide residue grade) Sigma Chemical Co., Dorset, UK
Heptane -  (AR) Florisil (mesh 60-100 PR 
pesticide residue grade)
Sigma Chemical Co., Dorset, UK
Sodium sulphate, (anhydrous -  AR) Sigma Chemical Co., Dorset, UK
cyclohexylcyclobutanone(intemal standard) Sigma Chemical Co., Dorset, UK
2-dodecylcyclobutanone (DCB-standard) 
purity >99%
QuChem, Queen’s University of 
Belfast, Northern Ireland, UK
2.3.1.2 DSE glassware:
No special glassware was required. Separating funnels (250ml) fitted with“Rotoflo” 
Teflon stopcocks were used for the extraction step.
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2.3.1.3 DSE Reagents preparation:
The extraction solvent system was prepared by mixing hexane and heptane, (9:1 v/v). To 
activate Florisil, it was first roasted at 550°C for 5 hours, cooled to 100°C and then 
transferred to a desiccator to allow it to cool to ambient temperature. Deactivated Florisil 
20% was prepared by adding 20g of deionised water to lOOg of activated Florisil and 
shaking it thoroughly. The deactivated Florisil was stored in an airtight jar and allowed to 
stand for 3 hours before use. Sodium sulphate (AR) was roasted at 450°C for 4 hours, 
cooled to 100°C then stored in a desiccator over silica gel. The Internal Standard 
cyclohexylcyclobutanone (10 mg/L) in hexane was stored at 4°C and was stable for at 
least 4 months. The 2-dodecylcyclobutanone (DCB) standard stock and working solutions 
at 1000 & 10 mg/L were prepared in AR hexane and stored at 4°C. The mixed working 
solution comprised 2.5ppm cyclohexylcyclobutanone and 0.5 mg/L DCB in hexane.
2.3.1.4 DSE Extraction method
Samples (2g) were homogenised in a pestle and mortar, by grinding sufficient roasted 
anhydrous sodium sulphate (about lOg) to form a fine free flowing tilth. Next the tilth 
was transferred to a 250 ml separating funnel, fitted with a ‘Rotoflo’ Teflon stopcock and 
35ml of the extraction solvent system added. The contents were shaken vigorously for 5 
minutes and the mixture allowed to stand for 10 minutes, and then shaken for a further 5 
minutes. For each sample a 5g bed of 20% deactivated Florisil in a glass wool plugged 
250ml funnel, was prepared. Prior to use the Florisil bed was wetted with a few mis of 
clean extraction solvent. Whilst the Florisil bed was still wet, the extract from the 
separating funnel was slowly drained through the Florisil bed and the eluant collected in a 
100ml conical flask. A further 30 ml of the extraction solvent system was added to the
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sample mixture retained in the separating funnel and shaken for 5 minutes and this then 
slowly passed through the same Florisil bed. The walls and the stopper of the separating 
funnel were washed with clean extraction solvent and these washings also added to the 
Florisil bed. The combined extracts were gently evaporated using a water bath at 40°C 
and a gentle stream of dry nitrogen. When the volume had been reduced to about 1ml the 
extract was transferred to a 2ml autosampler vial. The extract in the autosampler vial was 
carefully blown down to incipient dryness, and re-suspended in 200pL of the internal 
standard, solution. This mixture was then transferred to a suitable vial insert, the vial 
sealed and a 2 pL sample analysed by GC- MS.
2.3.1.5 The GC-MS analysis of 2- dodecylcyclobutanones
The simplicity of the extraction/clean-up stages used in the DSE method means that the 
samples will contained fatty material and that the GC injection port liner could need 
replacing on a regular basis. Thus the use of a retention gap was required.
2.3.1.5.1 GC-MS equipment specifications
In this study, mass spectral analysis was performed using a Varian Saturn 2000 Ion Trap 
type mass spectrometer. The Varian “Saturn 2000” GCMS Instrument was fitted with an 
ion trap mass detector (Varian Inc, Surrey, UK) and a “1079” type Injector with 
“splitless” liner, a “3800” type GC and a “8200” type autosampler. The Column was 25m 
x 0.25mm x 0.25pm CP-SIL-8CB (Chrompack), and the retention gap was 5m x 0.25mm 
deactivated fused silica tubing. The injection volume was 2pl in a splitless mode. The 
injector was maintained at 270°C. The GC Oven was programmed at 55°C (1 min.), then 
15°C/min. to 200°C (0 min.) then 25°C/min. to 300°C (10 mins). Total run time was 16 
mins; solvent delay time was 2 minutes, and the flow rate was set at lml/min, i.e. constant 
flow mode.
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2.3.1.5.2 Mass spectrometry
The Varian Saturn 2000 ion trap was run in El auto (Electron Ionisation) mode, 70eV. 
The temperatures of transfer line, trap and trap manifold were set at 300°C, 150°C and 
250°C respectively. Analysis, on the Varian Saturn 2000 ion trap, was performed using 
the standard electron ionisation technique. Ions were collected over the mass range m/z 
70 - 270, which allows an abridged mass spectrum of the analytes and internal standard to 
be collected. This is valuable when assessing the presence of trace peaks in complex 
chromatograms such as 2-dodecylcyclobutanone.
2.3.1.6 Characteristic fragment ions ratios and retention times
The 2-dodecylcyclobutanone (DCB) as well as cyclohexylcyclohexanone have electron 
ionisation mass spectra with characteristic fragment ions and ratios at m/z 98 & m/z 112. 
The m/z 98 ion was used for quantitation of DCB with the m/z 112 ion used as a qualifier 
ion. Positive identification of DCB in samples was based on retention time precision and 
signal to noise (S/N) ratio better than 5:1 for the m/z 98 ion. Mass spectrum range was for 
70 -  270 m/z. Indicative retention time for DCB was 12.70± 0.02 minutes. Precision data 
for retention time & ion ratios were generated for individual GC-MS installations.
2.3.1.7 Statistical analysis
Chemical and microbiological results were statistically analysed in triplicate. The 
obtained results were presented as means and standard deviation. A correlation test was 
applied to study the relationship between DCB levels and the irradiation dose. The 
correlation was also carried out between the levels of DCB and total bacterial counts 
during storage for 12 months using Microsoft (Excel, 2003). Results from chemical 
method were presented in Figure (45) as level of DCB (fig/g food) against time (month). 
Additionally, the results of the microbial method were presented as the number of
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survivors of each pathogen after gamma irradiation treatment, expressed as log 10 CFU/g 
of chicken was plotted against the time (month).
2.3.1.8 Radiolysis of Chicken Samples
Homogenised chicken samples where irradiated at different doses (1, 3, 5 and 7 kGy) and 
stored chilled until the day of analysis. The radiolytic marker from the irradiated minced 
chicken samples (stored at -18°C) was isolated every month, using the direct solvent 
extraction procedure followed by the GC-MS analysis. For experimental details of the 
DSE mode of extraction, the separation and identification of the radiolytic marker are 
described in 2.3.1.4 and 2.3.1.6 respectively.
86
Chavter 3. Effect o f X-ray Irradiation on the Growth
Chapter 3
3 Effect of X-ray Radiation on the Survival of 
Different Strains of Campylobacter and Salmonella 
Typhimurium
3.1 Introduction
Decontamination of food by ionizing radiation (X-ray, Gamma ray and Electron beam) 
has long been recognized as a method for destroying spoilage and pathogenic 
microorganisms in foods (Niemira, 2003; Sommers, 2003) such as poultry meat, spices, 
herbs and seafoods. Radiation treatment at doses of 2-7 kGy depending on the condition 
of irradiation, and the food can effectively eliminate potentially pathogenic 
nonsporforming bacteria including prominent pathogens such as Salmonella and 
Campylobacter without affecting sensory, nutritional and technical qualities (Diehl, 
1990).
A wide variety of environmental conditions during growth has been reported to have a 
profound effect on bacterial resistance to subsequent ionising radiation. For example, the 
radiation resistance of Salmonella is dependent upon the nature of the medium used. The 
Dio in broth is 0.25 kGy, while in low fat beef it is 0.70 kGy (Urbain, 1986). Salmonella 
species and L. monocytogenes are the most radiation resistant of the common vegetative 
pathogens with typical Dio- values of 0.50-1.0 kGy depending on the substrate and 
radiation condition. Thus, doses recommended to give a significant reduction in number 
of these pathogens fjom foods will also be appropriate for other vegetative pathogens. For
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example, a dose of 3.0 kGy applied to fresh, chilled poultry meat would be expected to 
give at least a 104 reduction in numbers of Salmonella spp, and a 1012 reduction in 
Campylobacter species. Campylobacter species were found to have similar Dio- values to 
Y. enterocolitica, although there were significant differences in the radiation sensitivities 
between different Campylobacter species and within strains of the same species when 
treated in poultry meat at refrigeration temperature (Patterson, 1995). However, even the 
most resistant strain, a pork liver isolate of C. coli, with a Dio- value of 0.25 kGy, was 
more sensitive than S. Typhimurium and L. monocytogenes irradiated. Farkas (2006) 
reported that Salmonella and Listeria are more resistant to irradiation than E. coli and 
Staphylococcus. The author added also, that Yersinia, Vibrio, Arcobacter, Aeromonas and 
Campylobacter are the most sensitive species. The Dio for S. Typhimurium in nutrient 
broth is 0.35-0.55 kGy (Holzapfel and Niemand 1985). Most strains can be recovered 
after 3.0 kGy irradiation but, when recovered in enriched media, survivors have been 
found after a dose of 9.0 kGy (Quinn et al. 1976).
Campylobacter is able to survive prolonged exposure to aerobic oxygen concentrations, 
osmotic and temperature stress, and this might be connected with the ability to change 
from spiral shaped to coccoid forms upon exposure to stresses (Rollins and Colwell, 
1986). Campylobacter are fastidious organisms, which require complex growth media, 
and are unable to ferment or oxidize carbohydrates. They are thermophilic, and grow 
between 30°C and 44°C with an optimal growth temperature of 42°C, which is thought to 
be an adaptation to their natural niche, the cecum of birds (Szymanski et al., 1995).
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Recent studies that have determined the ability of Campylobacter spp to tolerate stressful 
environments have shown considerable variation in the survival of different strains of 
Campylobacter spp., when challenged with the same stress (Chan et a l, 2001; Cools et 
al., 2003). In Salmonella spp stress response mechanisms increase survival of the 
organism in harsh environments (Lin et al., 1996; Slonczewski and Foster, 1996). 
Campylobacter spp lack many of the recognized stress response mechanisms found in 
other food-borne pathogens, such as Salmonella spp., Listeria spp. and E. coli (Park, 
2002). They are very sensitive to oxygen and for growth require a microaerobic 
atmosphere. Despite the fastidious nature of Campylobacter spp. and their apparent 
sensitivities, they still persist in the environment and in the food chain.
The aim of this chapter was to establish the initial conditions and doses (1-7 kGy) of 
irradiation which would inactivate the most important poultry pathogens, namely C. 
jejuni C. coli, A. butzleri and S. Typhimurium. By using a range of different recovery 
media, the effect of media type on recovery was assessed, and the medium for optimal 
recovery determined. Because irradiation can generate reactive oxygen species (ROS) 
(Gross, 2007), the affect of these on a range of C. jejuni mutants deficient in the oxidative 
stress defense were also assessed to determine whether ROS contributed to the killing 
mechanism.
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3.2 Results
3.2.1 The sensitivity of different strains of Campylobacter and 
Salmonella Typhimurium to X-ray radiation
In this investigation bacteria isolated from different growth phases were assessed, to 
study the effect of irradiation on the viability of two major poultry pathogens namely S. 
Typhimurium and C. jejuni. Salmonella is most resistant to stress in stationary phase so 
cells from this growth phase were chosen. In contrast Campylobacters are more sensitive 
to inimical conditions in stationary phase so late exponential phase cells were chosen as 
these are most resistant (Kelly et al., 2001).
3.2.1.1 Campylobacter
3.2.1.1.1 Growth curve of Campylobacter jejuni
To determine the appropriate growth phase from which C. jejuni cells could be isolated 
for irradiation studies, the growth of C. jejuni was investigated using viable plate counts 
and also followed spectrophotometrically at 600 nm. Data presented in Figure 7and 
Figure 8 show the growth curve of C. jejuni NCTC11168 under the conditions used here. 
When plate counting was used to assess growth, the logarithmic growth phase for C. 
jejuni began after a 3 hr incubation period and continued for 24 hr. Then the micro­
organism reached the stationary phase after 27 hr with viable count of 1.28xl09 ml'1 as 
shown in Figure 7 .
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Figure 7: Growth curve for C. jejuni in Mueller Hinton broth incubated at 37C. Growth was assessed 
by plate counting using MHA. Error bars represent standard deviation of mean data (n=3)
Growth as monitored by OD600 nm closely paralleled that as measured by taking viable 
counts. The log phase of C. jejuni started after 3 hr (at OD600 0.04) and increased 
continuously up to 24 hr (at OD600 nm 0.34). The stationary phase started after 27 hr (at 
OD600 nm 0.42) as shown in Figure 8.
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Figure 8: Growth curve for C. jejuni grown in Mueller-Hinton broth incubated at 37C. Growth was 
assessed spectrophotometrically at 600nm. Error bars represent standard deviation of mean data
(n=3)
3.2.1.1.2 Survival curve for C. jejuni under aerobic conditions
The ability of C. jejuni to survive under aerobic conditions was also evaluated in this 
investigation. Data illustrated in Figure 9 revealed that the incubation of C. jejuni at 37°C 
under aerobic conditions resulted in a gradual reduction in viable counts during the 
incubation period and the maximum reduction was observed at 28 hr incubation (being 
5.7 log cycle reduction) as shown in Figure 9.
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Figure 9: Survival curve for C. jejuni incubated at 37°C under aerobic conditions. Survival of C. 
jejuni was monitored by plate counting following the introduction of C. jejuni into aerobic condition. 
Error bars represent standard deviation of mean data (n=3)
With respect to survival as assessed by optical density, it could be observed that the 
optical density increased during the first 4 hr of incubation period to an OD600 nm of 0.52, 
then decreased markedly during the next 10 hrs of incubation. Thereafter the optical 
density was relatively stable levels after 14 hr Figure 10. These results confirm that, C. 
jejuni is sensitive to oxygen and requires a special atmosphere, which usually consists of 
5 % oxygen, 10 % carbon dioxide, and 85 % nitrogen for growth in or laboratory media 
(Stem and Kazmi, 1989).
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Figure 10: Survival curve for C. jejuni incubated at 37°C under aerobic conditions. Survival was 
monitored by following OD60o nm following the introduction of C. jejuni into aerobic condition. Error 
bars represent standard deviation of mean data (n=3)
3.2.1.1.3 Effect of X-ray radiation on C. jejuni
The effect of X-ray radiation on the viability of C. jejuni was assessed using three 
different media: Blood Mueller Hinton Agar (BMHA), Mueller Hinton Agar (MHA) and 
Charcoal-Cefazolin-Sodium Deoxycholate Agar (CCDA). Data presented in Figure 11 
shows the effect of irradiation doses (1 to 7 kGy) on C. jejuni. Results indicated that a 
gradual but significant (p< 0.01) decrease in viability occurred as the irradiation dose 
increased. These results are consistent with the results reported by Abo-Tarboush et al. 
(1997) who demonstrated that a dose of 2.5 kGy was enough to destroy Salmonella, 
Yesinia and Campylobacter spp. Statistical analysis indicated that there were significant 
differences in recovery depending on the medium used.
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The selective media CCDA gave a lower (PO.Ol) recovery of C. jejuni compared with 
other two growth media under investigation. This may be due to the effect of irradiation 
on the outer membrane of microorganisms which did not grow on the selective media 
(CCDA), but were able to grow well on the BMHA and MHA. The lower recovery on the 
selective medium (CCDA) indicates that the selective medium impeded or delayed the 
recovery of injured cells. Jay (2000) reported that sub-lethally injured cells may become 
susceptible to selective agents in media used to enumerate them, resulting in a lower 
recovery.
When measuring the effect of radiation on the microbial population, it is useful to have a 
measurement that does not depend on the number of microbial organisms in a particular 
sample. For this reason, the effect of radiation on microbes is measured by a dosage 
called the D-value. The D-value is the dosage of irradiation required to destroy 90 % of 
the organisms or by one decimal log cycle (Prejean, 2001). The D-values of C. jejuni 
plated on BMHA, MHA and CCDA were found to be 3.09 kGy, 2.98 kGy and 2.97 kGy, 
respectively as shown in Table 4 . These results indicated that survival of C. jejuni was 
greatest on BMHA followed MHA, and then CCDA, which exhibited a lower D-value 
being 2.97 kGy.
95
Chapter 3. Effect o f  X-ray Irradiation on the Growth
10.00
9.50
9.00
8.50 BMHA
MHA.00
CCDA7.50
7.00
6.50
6.00
Dose kGy
Figure 11: Effect of high doses (l-7kGy) of X-ray radiation on C. jejuni with recovery on three media 
(BMHA, MHA and CCDA). Error bars represent standard deviation of mean data (n=3)
Table 4: D-values (kGy) of C. jejuni as affected by high doses (1 -7 kGy) of X-ray radiation using
three media (BMHA, MHA, CCDA).
D-value
kGy
BMHA MHA CCDA
3.09 2.98 2.97
3.2.1.1.4 The effect of X-ray radiation on the total viable counts of C. y^juni 
mutants deficient in superoxidase dismutase (SodB), catalase (KatA) and 
alkylhydroperoxidase (AhpC)
Irradiation has been shown to induce oxidative stress and lipid peroxidation (Nawar, 
1983a), therefore, the effect of X-ray radiation on the total viable counts of C. jejuni 
mutants deficient in superoxidase dismutase (SodB) (Purdy et a l 1999) catalase (KatA) 
(Grant and Park, 1995) and alkylhydroperoxidase (AhpC) (Baillon et al., 1999) was 
investigated using three different media (BMHA, MHA and CCDA). Data indicated that a
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significant (PO .O l) reduction in total viable counts of C. jejuni mutants as the irradiation 
dose increased (from 1 to 7 kGy) (Figure 12, Figure 13, Figure 14)
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Figure 12: Effect of X-ray radiation on C. jejuni SodB mutant using using three recovery media 
(BMHA, MHA, and CCDA). Error bars represent standard deviation of mean data (n=3)
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Figure 13: Effect of X-ray radiation on C. jejuni KaTA mutant using three recovery media (BMHA,
MHA and CCDA). Error bars represent standard deviation of mean data (n=3)
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Figure 14: Effect of X-ray radiation on C. jejuni AhpC mutant using three different media (BMHA, 
MHA and CCDA). Error bars represent standard deviation of mean data (n=3)
Statistical analysis proved that there was a significant (P<0.01) effect due to the recovery 
media. The total viable count of Campylobacter mutants was significantly higher on the 
BMHA media followed by MHA and CCDA media. Data illustrated in Figure 15, Figure 
16 and Figure 17 show the log counts o f C. jejuni mutants deficient in SodB, KatA and 
AhpC on different media, compared with wild type C. jejuni. Results indicated that, wild 
type C. jejuni exhibited a higher recovery on the three tested media (BMHA, MHA and 
CCDA), followed by the aphC and katA mutants. In contrast the mutant deficient in SodB 
exhibited a much reduced recovery on the same three media.
The lower recovery of cell counts on the selective media (CCDA) was most likely due to 
the increase of injured cells which failed to recover and form colonies on selective media 
(Liao and Shollenberger, 2004). Cells defective in the SodB, KatA and AhpC enzymes of 
the oxidative defence gave rise to higher populations of damaged cells. For example at 5
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kGy the differential in recovery on CCDA compared to BMHA was 3.92, 10.81, 7.11 and 
5.97 % for wild type, sodB, katA and ahpC strains, respectively.
When recovery was measured on BMHA the D-value of C.jejuni, katA and ahpC mutants 
were approximately similar Table 5. The D-value for the sodB mutant was 2.98 and this 
was significantly lower than the other strains tested and reflects the increased sensitivity 
of this strain as shown in Figure 15.
Table 5: D-values (kGy) of wild type of C. jejuni and C. jejuni mutants deficient in SodB. KatA and 
AhpC as affected by X-ray radiation (1-7 kGy) using BMHA media
D-value
kGy
C.jejuni 
wild Type
C. jejuni mutant 
(SodB)
C. jejuni mutant 
(KatA)
C. jejuni mutant 
(AhpC)
3.18 2.98 3.44 3.25
10.00
9.50
9.00
8.50 B M H A  W .T  
m—  B M H A  A h p C  
- ± — B M H A  K a tA  
-«—  B M H A  S o d B
8.00
7.50
7.00
6.50
6.00
Dose kGy
Figure 15: Effect of X-ray radiation on wild type C. jejuni and mutants deficient in SodB, KatA and
AhpC using BMHA media. Error bars represent standard deviation of mean data (n=3)
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The D-values for recovery on MHA and CCD A are shown in Table 6 and Table 7 but 
since the inactivation curves for the KatA and SodB mutant are not linear, these are not an 
accurate reflection of the data shown in Figure 16 and Figure 17. The sodB mutant was 
more sensitive to irradiation than the wild type and other mutant strains and since this 
sensitivity is exaggerated on MHA, and even more so on CCD A, in part it may be due to 
the generation of increased injury and thus higher population of sub-lethally damaged 
cells.
Table 6: D-values (kGy) of wild type of C. jejuni and C. jejuni mutants deficient in SodB, KatA and 
AhpC as affected by X-ray radiation (1-7 kGy) using MHA
D-value 
kGy
C. jejuni 
wild Type
C. jejuni mutant 
(SodB)
C. jejuni mutant 
(KatA)
C. jejuni mutant 
(AhpC)
3.04 2.79 3.44 3.15
10.00
9.50
9.00
8.50 MHA W .T  
MHA A h p C  
MHA KatA  
MHA. S o d B
8.00
7.50
7.00
6.50
6.00
Dose kGy
Figure 16: Effect of X-ray radiation on wild type C. jejuni and mutants deficient in SodB, KatA and
AhpC, using MHA media. Error bars represent standard deviation of mean data (n=3)
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Table 7: D-values (kGy) of wild type of C. jejuni and C. jejuni mutants deficient in SodB, KatA and 
AhpC as affected by X-ray radiation (1-7 kGy) using CCDA
D-value
kGy
C. jejuni 
wild Type
C. jejuni mutant 
(SodB)
C. jejuni mutant 
(KatA)
C. jejuni mutant 
(AhpC)
2.96 2.71 3.25 2.88
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7.00
6.50
6.00
Dose kGy
Figure 17: Effect of X-ray radiation on wild type C. jejuni and mutants deficient in SodB, KatA and 
AhpC mutant using CCDA. E rro r bars represent standard deviation of mean data (n=3)
3.2.1.2 Salmonella
3.2.1.2.1 Growth curve of Salmonella Typhimurium
Viable counts of S. Typhimurium were monitored in Mueller-Hinton broth by plate 
counting and spectrophotometrically at a wave length of 600 nm during incubation at 
37°C under optimal conditions. The logarithmic phase of S. Typhimurium started in the 
first hour of incubation and continued up to 5 hrs, before cells entered into stationary 
phase. The recovery of viable counts recorded on MHA, and that measured
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spectrophotometrically, at the log phase or stationary phase, were approximately similar 
(Figure 18 and Figure 19 ).
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Figure 18: Growth curve for & Typhimurium grown in Mueller-Hinton broth Incubated at 37 °C. 
Growth was assessed by plate counts. E rro r bars represent standard deviation of mean data (n=3)
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Figure 19: Growth for S. Typhimurium in Mueller-Hinton broth incubated at 37°C.Growth was 
assessed spectrophotometrically at wavelength of 600 nm. E rro r bars represent standard deviation of
mean data (n=3)
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3.2.1.2.2 Effect of X-ray radiation on Salmonella Typhimurium
Results illustrated in Figure 20 show the effect of irradiation on S. Typhimurium as 
followed by recovery on Blood Mueller Hinton Agar (BMHA) and Mueller Hinton Agar 
(MHA) and Xylose Lysine Deoxycholate Agar (XLDA) as a selective media. Analysis 
of variance showed that all irradiation doses under investigation (1-7 kGy) caused a 
significant (P<0.01) reduction in total viable counts of S. Typhimurium that increased 
with dose. Recovery of cells was similar on BMHA and MHA but significantly reduced 
on XLDA. This difference is reflected in the D-values presented in Table 8. This may be 
due to the effect of irradiation on the outer membrane of Salmonella, and the population 
of these injured bacteria increased gradually as the irradiation doses increased. The 
largest discrepancy in recovery on the different media (1.04 Log) was observed between 
the sample irradiated with 7 kGy and plated on BMHA and XLDA media (Figure 20).
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Figure 20: Effect of X-ray radiation on S. Typhimurium using plate counts on three different
recovery media (BMHA, MHA and XLDA). Error bars represent standard deviation of mean data
(n=3)
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Table 8: D-values (kGy) for A. Typhimurium as affected by X-ray radiation (1-7 kGy) using three
media (BMHA, MHA and XLDA)
BMHA MHA XLDA
D-value
kGy 6.86 5.82 3.70
3.2.1.2.3 The effect of irradiation on S. Typhimurium and C. jejuni
The effect of irradiation on S. Typhimurium and C. jejuni is compared in Figure 21 and 
Figure 22. When recovery was measured on BMHA, up to 2 kGy, C. jejuni was more 
resistant (D-value = 4.76 kGy) than S. Typhimurium (D-value = 3.23 kGy). There after 
when the irradiation dose increased up to 7 kGy, C. jejuni was significantly more 
sensitive to irradiation (D-value = 2.79 kGy) than S. Typhimurium (D-value after 2 up to 
7 kGy = 8.48 kGy).
C. je jun i 
S. typhimurium.
6. 5 
6
0 1 2 3 4 5 6 7 8
Dose kGy
Figure 21: Effect of X-ray radiation on S. Typhimurium and C. jejuni using plate counts on BMHA.
Error bars represent standard deviation of mean data (n=3)
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However, the sensitivity of C. jejuni and S. Typhimurium was approximately similar (D- 
values = 2.82 kGy and 2.15 kGy, respectively) after 2 kGy irradiation dose when 
selective agar was used for recovery (Figure 22). There was a linear decline in the 
viability of C. jejuni and S. Typhimurium as the irradiation dose increased from 2 kGy to 
7 kGy (D-value = 2.96 kGy and 3.97 kGy).
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Figure 22: Effect of X-ray radiation on S. Typhimurium using plate counts on XLDA and C. jejuni on 
CCDA. Error bars represent standard deviation of mean data (n=3)
3.2.1.2.4 Effect of X-ray irradiation on the survival of C. jejuni, C. coli and 
Arcobacter butzleri using different media
The effect of X-ray irradiation had been studied during the initial parts of this chapter 
using just one strain of C. jejuni. Consequently, the next aim was to establish the 
sensitivity of a number of different C. jejuni and C. coli strains and also an A. butzleri 
strain to irradiation.
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The effect of X-ray irradiation on the recovery of C. jejuni, C. coli and A. butzleri was 
carried out using three different media (BMHA, MHA and CCDA). Data illustrated in 
(Figure 23) shows the effect of X-ray irradiation on the survival of C. jejuni, C. coli and 
A. butzleri using BMHA. It could be noticed that a significant (p< 0.01) reduction in total 
viable counts of all tested strains occurred as the irradiation dose increased up to 7 kGy.
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Figure 23: Effect of X-ray irradiation on the C. jejuni, C. coli and A. butzleri using BMHA. Error bars
represent standard deviation of mean data (n=3)
A. butzleri was slightly more resistant to irradiation at 7 kGy, compared, with other two 
tested strains, and the D-value of A. butzleri was higher than the other two strains as 
shown in Table 9.
Table 9: D-values of C. jejuni, C. coli and A. butzleri as affected by X-ray irradiation using BMHA
D-value
(kGy)
C. jejuni C. coli A. butzleri
3.30 3.32 3.56
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The survival of the three different strains (C. jejuni, C. coli and A. butzleri) as affected by 
X-ray irradiation using MHA are shown in (Figure 24). Data indicated that as the 
irradiation dose increased a reduction in total viable counts occurred. There was a slight 
difference between the sensitivities of C. jejuni, C. coli and A. butzleri.
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Figure 24: Effect of X-ray irradiation on the C. jejuni, C. coli and A. butzleri using MHA. Error bars
represent standard deviation of mean data (n=3)
The calculated D-values indicated that A. butzleri was more resistance (3.49 kGy) to 
irradiation followed by C.jejuni (3.23 kGy) and C. coli (3.11 kGy) as shown in 
Table 10.
Table 10: D-values of C. jejuni, C. coli and A. butzleri as affected by X-ray irradiation using on MHA
D-value
(kGy)
C.jejuni C. coli A. butzleri
3.23 3.11 3.49
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The recovery of C. jejuni, C. coli and A. butzleri as affected by X-ray irradiation using 
CCDA is shown in (Figure 25). The obtained results revealed that there is no significant 
(p< 0.01) difference in the reduction rate between the three tested organisms at the same 
dose of irradiation. However, as the irradiation dose increased, a significant (p< 0.01) 
reduction in total viable counts occurred.
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Figure 25: Effect of X-ray irradiation on the C. jejuni, C. coli and A. butzleri using CCDA. Error bars
represent standard deviation of mean data (n=3)
The D-values for C. jejuni, C. coli and A. butzleri was 3.20, 3.08 and 3.36 kGy, respectively 
Table 11.
Table 11: D-values of C. jejuni, C. coli and A. butzleri as affected by X-ray irradiation using on
CCDA
D-value
(kGy)
C. jejuni C. coli A. butzleri
3.20 3.08 3.36
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Comparing the recovery of C. coli and A. butzleri on the three tested media, it could be 
noticed that, a higher recovery was found on the BMHA, followed by MHA and then 
CCDA for both strains under investigation as illustrated in (Figure 26 and Figure 27).
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Figure 26: Effect of X-ray irradiation on the C. coli UA585 using three different media BMHA, MHA 
and CCDA. Error bars represent standard deviation of mean data (n=3)
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Figure 27: Effect of X-ray irradiation on the A. butzleri using three different media BMHA, MHA 
and CCDA. E rror bars represent standard deviation of mean data (n=3)
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3.2.1.2.5 Effect of X-ray irradiation on the survival of different strains of C. 
jejuni and C. coli using BMHA:
The effect of X-ray irradiation on different strains of C. jejuni NCTC (11951, 11847, 
11828 and 11168) and C. coli (UA585, NCTC11350, NCTC11366 and NCTC11438) was 
investigated using BMHA medium. The effect of X-ray irradiation on the survival of 
different strains of C. jejuni and C. coli is illustrated in (Figure 28). It could be noticed 
that as the irradiation dose increase, the viable counts of all tested strains decreased with 
at slightly different rates.
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Figure 28: Effect of X-ray irradiation on different strains of C. jejuni and C. co/i using BMHA. Error 
bars represent standard deviation of mean data (n=3)
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Table 12 showed that C. jejuni (11951) was more resistance to irradiation (3.41 kGy), 
followed by C. jejuni (11847), C. coli (11366), C. coli (11438), C. jejuni (11828), C. coli 
(UA585), C.jejuni (11168) and C. coli (11350).
Table 12. D-values for different strains of C. jejuni and C. coli as affected by X-ray irradiation using
BMHA
D-values
(kGy)
C jejuni 
(11951)
C .jejuni 
(11847)
C. jejuni 
(11828)
C. jejuni 
(11168)
C .coli 
(UA585)
C. coli 
(11350)
C. coli 
(11366)
C .coli 
(11438)
3.41 3.30 3.14 3.06 3.11 2.97 3.25 3.19
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Discussion
From the aforementioned results it could be concluded that under the conditions 
established here that C. jejuni reached to the stationary growth phase after 27 hr with 
viable counts of 1.28 x 109 cfu ml"1 while, S. Typhimurium reached to the stationary 
phase after 5 hr of incubation with viable counts of 2.9 x 109 cfu ml'1. This experiment 
was carried out to determine the suitable time of entry into stationary phase for the 
strains used in this investigation. This was necessary because whilst S. Typhimurium 
exhibits increased tolerance in stationary phase, C. jejuni displays increased sensitivity in 
this growth phase (Kelly et al., 2001).
In this study bacteria were selected from growth phases in which they would be expected 
to be most resistance to stress and irradiation on stationary phase and late exponential 
phase cells for S. Typhimurium and C. je ju n i, was used respectively. As expected doses 
of X-ray radiation reduced the survival of C. jejuni in a dose dependant manner, i.e. as 
the irradiation dose increase from 1 kGy, the viable counts decreased up to 7 kGy. 
Sensitivity is usually highest during the lag or exponential phase of growth since 
radiation disrupts the DNA, preventing mitosis and cell division (Stapleton, 1955). 
Hastings et al. (1986) reported that the resistance of Lactobacillus is highest during the 
exponential phase. As with most bacteria, E. coli is most sensitive to irradiation in the 
exponential growth phase, and is more resistant during the lag and stationary phase 
(Diehl, 1990). When recovery was measured on different media, the highest recovery 
occurred for C. jejuni on BMHA followed by MHA and finally CCDA the selective 
media.
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The lower recovery of bacterial counts on the selective media probably occurred due to 
the increase in the number of the injured cells as affected by radiation, which did not 
grow on the selective media but grow well on the nonselective media (Jay, 2000). The 
high recovery recorded on BMHA was most likely due to the ability of blood 
components to relieve oxidative stress.
Whilst DNA damage has been suggested as a key factor in cell death induced by 
irradiation, Keener et al. (2004) reported that irradiation induced oxidative stress is 
thought to contribute as well. Thus a range of C. jejuni mutants defective in key 
oxidative stress defence mechanisms were assessed for resistance to irradiation. The 
wild-type and ahpC mutant behaved in an essentially identical fashion. However, the 
sodB mutants was more sensitive to irradiation when recovered on any of the media 
used. For the sodB mutant this sensitivity was increased following recovery on CCDA 
which suggested that irradiation of cells defective in this enzyme produced an increased 
population of sub-lethally damages bacteria. Overall the sodB mutant was the most 
sensitive strain tested implying the generation of superoxide during irradiation.
Superoxide dismutase is the primary defence against superoxide induced damage to a 
cell and catalyses the conversion of superoxide radicals to H2O2 and O2 (Fridovich, 
1986). If superoxide radicals are not efficiently scavenged, damage can occurred to 
almost all known biological molecules, including DNA, membrane lipids, and other vital 
cellular components. Accordingly, bacteria mutants which are deficient in SodB show 
hypersensitivity towards oxygen and free-radical generating agents (Nakayama, 1994). 
Thus the results reported here suggests that X-ray irradiation generates oxidative stress 
and that SodB is important in the resistance to C. jejuni to this.
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With regard to the effect of radiation on S. Typhimurium, it could be noticed that as the 
irradiation dose increased from 1 to 7 kGy a gradual but significant reduction in viable 
counts occurred. Moreover, the recovery of viable counts was higher on the nonselective 
media, compared with that on the selective media (XLDA). Comparing this pathogen 
with C. jejuni, the D-values of S. Typhimurium were found to be 6.86, 5.82 and 3.70 
kGy on BMHA, MHA and XLDA, respectively, while that of C. jejuni were found to be 
3.09, 3.98, and 2.97 kGy on BMHA, MHA and CCDA, respectively. These results 
indicated that S. Typhimurium was more resistant to X-ray radiation than C. jejuni 
except when selective medium was used for recovery.
Patterson (1995) studied the effect of irradiation on the sensitivity of different strains of 
C. jejuni (three strains), C. coli (three strains), C. fetus (one strain) and C. lari (one 
strain) in poultry meat using different growth media. This author found that there was no 
significant differences in the counts obtained on Blood compared to Skiirows agar, 
whilst, Preston agar gave a significantly lower recovery of these pathogens after 
irradiation. The D-values ranged from 0.12 to 0.25 kGy and there was a significant 
difference in the radiation sensitivity between different Campylobacter spp. and within 
strains of the same species. This study indicated that Campylobacter spp. are more 
radiation-sensitive than Salmonella and Listeria monocytogenes irradiated under similar 
conditions (Patterson, 1995). The author added also that irradiation treatments suggested 
to eliminate the latter from poultry carcasses would also be sufficient to remove 
Campylobacter.
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A number of investigators have examined the effect of gamma radiation on pathogenic 
bacteria such as Campylobacter and Salmonella on various foods. Lamuka et al (1992) 
and Abo-Tarboush et al (1997) reported a 4.9-6.0 log cycle reduction in Campylobacter 
at 2.5 kGy from broiler chickens. In this investigation, the reduction in Campylobacter 
was lower being 2.3 log cycles at 7.0 kGy and this may reflect the fact that X-ray 
irradiation was used here. The obtained data of D-values for Campylobacter was higher 
(3.09 kGy) than that reported by Patterson (1995) and Prejean (2001) who found that the 
D-values of Campylobacter ranged from 0.12 to 0.25 kGy in poultry meat. The same 
authors also suggested differences in the radiation sensitivity between Campylobacter 
species and within strains of the same species.
To determine the effectiveness of X-ray irradiation as a means of killing 
Campylobacters, a selection of different species, and closely related species, was exposed 
to this energy and death rates measured. Arcobacter butzleri was chosen because it is a 
member of the epsilon subgroup of the Proteobacteria and thus closely related to 
Campylobacters (Vandamme et al., 1992a). Also species of Arcobacter have been 
recognised as newly emerging food-borne pathogen of humans and animals (Jang et al., 
2003). Importantly, it is also frequently isolated from poultry with carriage rates being 
reported as 96% for chicken samples (Atabay et al., 2002), and 80% for poultry livers 
(On et al., 2002). Carriage on other meats such as pork (36%) and beef (32%) is lower 
(Jang et al., 2003). There was some variation in the resistance of strains to irradiation 
with Arcobacter butzleri being the most resistant (3.33), followed by C. jejuni and C. 
coli. The most sensitive strains were C. jejuni and C. coli. These results are consistent 
with those of Patterson (1995) who demonstrated variation in the resistance of 
Campylobacters to irradiation and with a study by Lehmer et al. (2005) who reported
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that Arcobacters are more resistant to irradiation than C. jejuni.
The differences between the results of this study compared with previous reports may be 
due to the different conditions of irradiation, type of medium and strains used here. In 
this investigation different laboratory strains of bacteria were irradiated (not isolated 
from meat or chicken) and the behaviour of laboratory strains of bacteria is often not the 
same as fresh isolates (Fux et a l , 2005). Moreover, Duffy and Dykes (2006) reported 
that the fresh isolates could be reasonably be expected to behave more like bacteria 
under natural conditions than laboratory strains. The substrate that contains the bacteria 
during irradiation can have a significant effect on inactivation as Patterson (1980) 
observed that the D-values for Listeria monocytogenes were higher on poultry meat than 
phosphate-buffered saline, indicating protection of the organism by the food 
components. The D-value for any individual pathogen varies depending on such factors 
as the type of food to be irradiated, the physical state (Frozen versus non-frozen) of the 
food, product temperature, and ambient oxygen level (FR, 1999).
Mossil (1977), Khan and Howker (1978) and Patterson (1988) reported that radiation 
doses of 2-5 kGy effectively destroy Salmonella present in chicken carcasses. Prejean 
(2001) demonstrated that at the 3 kGy dose approved for poultry, irradiation would kill 
over 99.9 % of the most radiation-resistance of Salmonella. In addition, Grolichova et al. 
(2004) revealed that radiation treatment at dose 2-7 kGy can effectively eliminate 
potentially pathogenic non-spore forming bacteria such as Salmonella and 
Staphylococcus aureus. Patterson (1988a) found a D-value of 0.5 kGy for S. 
Typhimurium irradiated in air in chicken mince at 10°C. The D-values of six species of 
Salmonella irradiated on chicken meat at 4°C in air ranged from 0.42 kGy for S. Arizona
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to 0.77 kGy for S. Enteritidis (Thayer, 1990). In addition, Grant and Patterson (1991) 
stated that the D-values of two strains of S. Typhimurium irradiated on pork in air at 
10°C ranged from 0.45 to 0.86 kGy, and depending on the strain of bacteria and other 
factors, the D-values of Salmonella in another study ranged from 0.4 to 0.8 kGy 
(Prejean, 2001). Sherry et al (2004) reported that the D-value of 1.5 kGy would produce 
approximately a three log cycle reduction in viability of Salmonella. The results of D- 
values of S. Typhimurium in this study were higher (6.86 kGy) than that reported in the 
previous studies. This may be due to the use of different media and, irradiation 
conditions and the use of X-ray. Diehl (1990) reported that Salmonella serotypes display 
a wide range of resistances (0.32 -  0.85 kGy).
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Chapter 4
4 Survival of Campylobacter and Salmonella in 
the presence of nitrite, nitrate, other salts and 
solutes during X-ray irradiation
4.1 Introduction
Although irradiation is a very potent and useful antimicrobial process in its own right, the 
dose that can be applied to a particular food, and hence the extent of the antimicrobial kill 
can be limited by undesirable sensory changes (Lund et al., 2000). Several studies have 
shown that irradiation can be an effective means of controlling human pathogens such as 
Salmonella (Thayer et al., 1991), and Campylobacter jejuni (Lambert and Maxey, 1984) 
in poultry.
Thayer (2004) revealed that the dose of irradiation required to inactivate 99.9 % of food- 
borne pathogens such as C. jejuni in poultry meat with electron, gamma, or X-ray 
ionizing irradiation ranged from 0.84 to 0.96 kGy. In a more specific study, Patterson 
(1995) investigated the sensitivity of C. jejuni, C. coli, and C. fetus to irradiation in 
poultry meat. This author reported that, the D-values ranged from 0.12 to 0.25 kGy. This 
means that there was a significant difference in the irradiation sensitivity between 
Campylobacter species and within strains of the same species.
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In addition Lambert and Maxcy (1984) reported that Campylobacter was more sensitive 
to irradiation than Salmonella and could survive at a dose of 1 kGy in chicken paste. This 
is supported by the work of Hanis et a l (1989) which suggested that Salmonella are 
moderately resistant to irradiation treatment.
The use of low doses (2-6 kGy) of ionizing radiation to reduce the number of Salmonella 
and extend shelf-life of refrigerated poultry has been investigated previously. Cho et al. 
(1985) reported that gamma radiation could extend the shelf life of poultry by 2-4 weeks 
and chicken irradiated with 2 to 4.5 kGy became free of Salmonella, coliforms and 
staphylococci (Klinger et al., 1986).
The use of combination treatments can result in enhanced preservative action and/or 
reduction in severity of one or all the treatments. Salts, nitrites and other compounds 
added to preserved meats may increase the effectiveness of an irradiation dose. These 
additives may act by amplifying the kill generated by irradiation or by preventing the 
repair and growth of damaged, surviving cells (Farkas, 1998). Reducing the amount of 
water available for microbial growth by addition of salt, sugars, drying or freezing is also 
an important controlling factor and has long been employed in food preservation (Csonka, 
1989).
Different solutes have been used experimentally to adjust water activity including sodium 
chloride (NaCl), potassium chloride (KC1), glucose, sucrose, glycerol, glucose-fructose 
mixtures and propylene glycol (Mattick et al., 2001). Sodium chloride is one of the most 
important food adjuncts in food preservation. It is commonly used in conjunction with 
drying, but may be added to food as brine or may be pumped into tissues. Potassium
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chloride on the other hand is used in food as a flavour enhancer and as an agent to reduce 
water activity (Doyle and Roman, 1982). Ionic salts such as NaCl reduce the water 
activity more effectively than non-ionic compounds such as sucrose on a molar basis 
since they dissociate into ions in solution (Adams and Moss 2000).
Nitrite salts are chemical agents with widespread use in manufacturing processes, but are 
also used to as a preservative for meat and fish. These also play a role in the flavour and 
heat stable colour of processed meats and originally may have been used primarily to 
impart these characteristics. Under some conditions they are also bactericidal. The use of 
these agents in food is not without concern as, nitrite has been associated with several 
toxic consequences such as met-heamoglobinemia, mutagenicity, and carcinogenesis 
(Suschek et a l , 2003).
The food preservative sodium nitrite has been shown to be degraded by irradiation in a 
dose-dependant manner (Ahn et al., 2003). Also chemically NO2 produces the nitric oxide 
(NO) radical when exposed to UV irradiation (Reszka et al., 1996). Moreover, Witthoft et 
al. (1998) reported that NO and /or its products form a key component of the inducible 
defense of intestinal cells against microbial infection. On the other hand, Campylobacter 
may be exposed to NO in the stomach since the chemical generation of NO in this organ 
can occur as a consequence of microbial nitrite production in the mouth (Duncan et al., 
1995; Li et al., 1997). Thus the generation of NO in the stomach represents a separate and 
yet powerful defence against gut pathogens (Duncan et al., 1995; Dykhuizen et al., 1996). 
It was reasoned that exposure of C. jejuni and Salmonella to X-ray irradiation in the 
presence of nitrite and nitrate might lead to the enhanced killing of these pathogens due to 
the generation of reactive nitrogen species and their bactericidal effect.
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Given that any NO produced during the irradiation of foods containing nitrite/nitrate is 
likely to be bactericidal the starting point for this chapter was the hypothesis that nitrite 
/nitrate and X-ray irradiation might act synergistically to kill food borne pathogens and if 
so it might be possible to kill these bacteria with reduced doses of irradiation.
4.2 Results
4.2.1 Effect of nitrite and nitrate on the survival of Campylobacter 
and Salmonella during X-ray irradiation
4.2.1.1 Campylobacter
The effect of X-ray irradiation on the survival of C. jejuni in the presence of sodium 
nitrite (NaNCh) and sodium nitrate (NaNCb) is illustrated in Figure 29 and Figure 30. 
Results indicated that there was no significant (P< 0.01) difference in total viable counts 
of C. jejuni at 1 and 2 kGy in the presence of 10 or 20 mM NaNC>2 (Figure 29). However 
the survival of C. jejuni irradiated by 5 and 7 kGy in the presence of NaN02 (10 and 20 
mM) was significantly (P<0.01) higher, compared with control (without NaNCb). From 
these results it can be seen that nitrite has a protective effect during irradiation that is 
dependent on its concentration. For example in the absence of NaN02 a dose of 7 kGy 
reduced the survival by 2.21 log cycle whilst in the presence of lOmM and 20mM nitrite 
survival was only reduced by an 0.81 log cycle and an 0.27 log cycle, respectively.
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Figure 29: Effect of X-ray irradiation on the survival of C. jejuni in the presence of sodium nitrite (10 
and 20 mM). E rror bars represent standard deviation of mean data (n=3)
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Figure 30: Effect of X-ray irradiation on the survival of C. jejuni in the presence of sodium nitrate
(50 and 100 m M) using BMHA. Error bars represent standards deviation of mean data (n=3)
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Consistent with this the D-values of C. jejuni as affected by sodium nitrite increased 
markedly as the concentrations of nitrite increased as shown in Table 13.
The effect of sodium nitrate (NaNCy was similar as data revealed that there was no 
significant reduction in the survival of C. jejuni at 1 kGy in the presence of 50 mM 
NaNC>3 and at 2 kGy in the presence of 100 mM NaN0 3 , compared with control (Figure 
30). However, above 2 kGy the survival of Campylobacter was significantly (P< 0.01) 
enhanced by the presence of 50 or 100 mM NaN0 3 . Consistent with this D-values 
increased as the concentration of NaNC>3 increased as shown in Table 13.
Table 13: D-values for C. jejuni as affected by X-ray irradiation in the presence of different
concentrations of N aN 02 and N aN 03
D-value
kGy
Control*
NaN02 (mM) NaN03 (mM)
10 20 50 100
3.63 7.73 24.45 5.23 10.69
* without NaN02 or NaN0 3
4.2.1.1.1 The effect of various ionic salts on the survival of C. jejuni during X- 
ray irradiation
Nitrite has been shown to protect cells and DNA against damage caused by irradiation 
(Suschek et al., 2003). To determine whether the protective effect was specific to this 
cation or whether other ionic salts would be protective the experiments were repeated 
using NaCl and KC1.
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The effect of X-ray irradiation in the presence of different concentrations of sodium 
chloride (NaCl) was carried out, and the obtained results are illustrated in (Figure 31). As 
had been observed with nitrite/nitrate no significant (P< 0.01) effect for NaCl was found 
up to 2 kGy among all the different concentrations of NaCl tested. At doses in excess of 
this however NaCl contributed a protective effect to C. jejuni during X-ray irradiation and 
this was clearly dependant on this dose.
10.00
9.50
9.00
-♦— Control 
■m— NaCl 10mM.50
-A—  NaCl 25mM 
NaCl 50mM
i . 0 0
7.50 ■m~ NaCl 75mM 
-•—  NaCl 10OmM7.00
6.50
6.00
Dose kGy
Figure 31: Effect of X-ray irradiation on the survival of C. jejuni in the presence of NaCl (10, 25, 50, 
75,100 mM) using BMHA. E rror bars represent standard deviation of mean data (n=3)
The D-values of irradiated C. jejuni were compared at different concentrations of NaCl 
and the obtained results are shown in Table 14. Results demonstrated that the D-values of 
C. jejuni increased (from 3.52 kGy in control to 9.11 kGy in the presence of 100 mM 
NaCl) gradually as the NaCl concentrations increased. The protective effect of NaCl was 
less than that of nitrite but nevertheless still significant. Thus the protective effect of
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nitrite and nitrate may be in part due to their specific chemical nature but also is due to 
their ionic nature.
Table 14: D-values for C. jejuni as affected by X-ray irradiation in the presence of different
concentrations of sodium chloride
NaCl (mM)
D-value
kGy
Control* 10 25 50 75 100
3.52 3.93 4.90 5.97 7.78 9.11
* Without NaCl
To determine whether the high concentrations of NaCl were inducing phenotypic changes 
in the cells that led to resistance or whether it was the presence of NaCl and its direct 
affect of the irradiation process cells were grown in different concentrations of NaCl and 
then transfered to MHB with and without added NaCl (Figure 32). Since cells which had 
been grown in 50mM NaCl and had then been transfered to MHB without NaCl were as 
sensitive to irradiation as the control grown in the absence of NaCl, it would appear that it 
is the presence of NaCl during the irradiation process that is important for protection.
9.5
-•— Control grown in the 
absence o f NaCl
7.5 -■— Growth in 50 mM NaCl, 
transfer to MHB
— Growth in 50 mM NaCl, 
transfer to MHB+50mM 
NaCl
6.5
Dose kGy
Figure 32: Effect of X-ray irradiation on the survival of C. jejuni grown in the presence of 50mM
NaCl and resuspend in MHB with and without NaCl. Error bars represent standard deviation of
mean data (n=3)
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The D-values were found to be 4.46, 3.70 and 21.80 kGy for control, grown in the 
absence of NaCl, for cells grown in 50 mM NaCl and transfered to MHB and, cells grown 
in 50mM NaCl and transfered to MHB+50 mM NaCl as shown in Table 15.
Table 15: D-values for C. jejuni resuspended in (MHB, 50mM NaCl) as affected by X-ray irradiation
D-value
kGy
Resuspended
Control MHB 50mM NaCl
4.46 3.70 21.80
When KC1 was used as ionic solute the familiar pattern of protection was seen again, 
though this was the least protective of the salts studied thus far. Results presented in 
(Figure 33) show the effect of X-ray irradiation on the survival of C. jejuni in the 
presence of different concentrations of potassium chloride (KC1).
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9.00
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Li­
e s
-A—  KQ 50mM
7.50
7.00
6.50
6.00
Dose kGy
Figure 33: Effect of X-ray irradiation on the survival of C. jejuni in the presence of KCI (10, and 50
mM) using BMHA. Error bars represent standard deviation of mean data (n=3)
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The D-values of C. jejuni as affected by irradiation increased as the concentrations of KCI 
increased compared with control (without KCI) as shown in Table 16.
Table 16: D-values for C. jejuni as affected by X-ray irradiation in the presence of different
concentrations of potassium chloride
KCI mM
D-value Control* 10 50
kGy
4.46 4.70 7.27
* Without KCI
4.2.1.1.2 The effect of non-ionic solutes on the resistance of C. jejuni to X-ray 
irradiation.
Nitrate, nitrite and other ionic salts have been shown to protect cells against the lethal 
effects of X-ray irradiation so to determine whether this was an ionic effect or whether it 
was due to general osmotic effects, similar experiments were carried out but using 
glucose as a solute.
As was the case previously irradiation was carried out in the presence or absence of 
solutes, this time the non-ionic solute glucose. However, the presence of glucose had no 
protective effect as had been seen for the ionic salts had no effect on survival during 
irradiation at doses up to 2 kGy (Figure 34).
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Figure 34: Effect of X-ray irradiation on the survival of C. jejuni in the presence of glucose (50, 100, 
200 and 400 mM) using BMHA. E rror bars represent standards deviation of mean data (n=3)
At higher doses at 5 and 7 kGy increasing concentrations of glucose potentiated cell death 
with D-values decreasing from 3.49 kGy (control) to 2.60 kGy (in the presence of 400 
mM) as the concentration of glucose increased. The protective effects of nitrite, nitrate, 
NaCl and KCI thus appears to be due to their ionic nature as glucose which is a non-ionic 
solute had no protective effect and indeed had the opposite effect as shown in Table 17.
Table 17: D-values for C. jejuni as affected by X-ray irradiation in the presence of different
concentrations of glucose
D-value
kGy
Glucose (mM)
Control* 50 100 200 400
3.49 3.38 3.21 2.84 2.60
* Without Glucose
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4.2.1.2 Salmonella
Ionic salts and in particular nitrite, have been shown to protect C. jejuni against the lethal 
effects of irradiation. To determine whether this effect extended to other food-borne 
pathogens a similar series of experiments was carried out using Salmonella Typhimurium.
The effect of X-ray irradiation on the survival of Salmonella in the presence of sodium 
nitrite (NaN02) and sodium nitrate (NaNOs) are shown in Figure 35 and Figure 36. As 
had been seen with C. jejuni nitrite protected cells of S. Typhimurium against the lethal 
effects of irradiation (Figure 35) with D-values increasing with the concentration of this 
salt Table 18.
10.00
9.50
-♦—  Nitrite 10mM 
■m— Nitrite 20mM 
—  control
8.50
8.00
7.50
7.00
Dose kGy
Figure 35: Effect of X-ray irradiation on the survival of .S'. Typhimurium in the presence of sodium
nitrite (10, and 20 mM) using BMHA. Error bars represent standard deviation of mean data (n=3)
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A similar but less marked effect was seen for NaNCb (Figure 36) and the D-values 
increased as the concentrations ofNaNCb increased as shown in Table 18.
10.00
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-  Nitrate 50mM
— ■ — -  Nitrate 100mM
—A — - control
Figure 36: Effect of X-ray irradiation on the survival of S. Typhimurium in the presence of sodium 
nitrate (50, and 100 mM) using BMHA. E rror bars represent standard deviation of mean data (n=3)
Table 18: D-values for S. Typhimurium as affected by X-ray irradiation in the presence of different
concentrations of N aN 02 and N aN 03
D-value 
kGy
Control*
N aN 02 (mM) N aN 03 (mM)
10 20 50 100
5.42 25.19 37.73 9.74 12.97
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4.2.1.2.1 The effect of various ionic salts on the survival of S. Typhimurium 
during X-ray irradiation.
When S. Typhimurium was irradiated in the presence of NaCl at doses at or below 2 kGy 
with increasing NaCl concentrations from 10-100 mM cell death increased slightly 
(Figure 37). At doses beyond this however NaCl was protective and this was clearly 
dependant on the concentration of NaCl.
10.00
9.50
9.00
— Control 
-m— NaCl 10mMI.50
NaCl 25mMu_
i . 0 0
NaCl 50mM
o> NaCl 75mM7.50
■#—  NaCl 10OmM
7.00
6.50
6.00
Dose kGy
Figure 37: Effect for X-ray irradiation on the survival of S. Typhimurium in the presence of sodium 
chloride (10, 25, 50, 75 and 100 mM) using BMH agar. E rror bars represent standard deviation of
mean data (n=3)
D-values of Salmonella as affected by irradiation and different concentrations of NaCl are 
shown in Table 19 and as can be seen here the general pattern of D-value increased with 
the concentration of NaCl.
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Table 19: D-values for A. Typhimurium as affected by X-ray irradiation in the presence of different
concentrations of sodium chloride
NaCl (mM)
D-value
kGy
Control* 10 25 50 75 100
4.89 5.53 6.59 8.06 8.67 12.31
* Without NaCl
Potassium chloride had a similar effect during irradiation to sodium chloride in that 50 
mM KCI was protective and 10 mM protective but markedly less so (Figure 38). D-values 
for irradiation in the absence or presence of KCI are shown in Table 20.
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Figure 38: Effect of X-ray irradiation on the survival of S. Typhimurium in the presence of potassium 
chloride (10, and 50 mM) using BMHA. E rror bars represent standard deviation of mean data (n=3)
Table 20: D-values for S. Typhimurium as affected by X-ray irradiation in the presence of different
concentrations of potassium chloride
D-value
kGy
KCI (mM)
Control* 10 50
4.60 5.23 13.07
* Without KCI
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4.2.1.2.2 The effect of non-ionic solutes on the resistance of S. Typhimurium 
to X-ray irradiation
As was the case previously the presence or absence of solutes, this time the non-ionic 
solute glucose, had little effect on survival during irradiation at doses up to 2 kGy (Figure 
39). However, at higher doses at 5 and 7 kGy increasing concentrations of glucose 
potentiated cell death with D-values decreasing from 4.17 kGy (control) to 2.96 kGy (in 
the presence of 400 mM) as the concentration of glucose increased.
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Figure 39: Effect of X-ray irradiation on the survival of S. Typhimurium in the presence of glucose 
(50, 100, 200 and 400 mM) using BMH agar. E rror bars represent standard deviation of mean data
(n=3)
The protective effects of nitrite, nitrate, NaCl and KCI thus appears to be due to their 
ionic nature as glucose which is a non-ionic solute had no protective effect and indeed 
had the opposite effect as shown in Table 21.
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Table 21: D-values for S. Typhimurium as affected by X-ray irradiation in the presence of different
concentrations of glucose
D-value
kGy
Glucose (mM)
Control* 50 100 200 400
4.17 3.76 3.55 3.26 2.96
4.2.2 The effect of iron concentration on radiation resistance on C. 
jejune
Since the generation of *OH radical is a major killing mechanism (Mossel, 1977) during 
irradiation it was reasoned that the effect of nitrite and that of the other ionic salts may be 
due to their affect on *OH generation thus it was proposed to establish a system that led to 
increased ’OH generation and then to determine whether increased concentrations of the 
ionic salts would be needed to provide a protective effect. The presence of Fe2+ via the 
Fenton reaction (Roskams and Connor, 1994) has been shown to enhance *OH formation 
so it was proposed to use iron-limitation and iron excess to modulate *OH formation.
The effect of X-ray irradiation on the survival of C. jejuni grown in GMEM + HEPEs + 
Pyruvate in the presence of different concentrations of FeSC>4 was assessed. As expected, 
the total viable counts of C. jejuni decreased significantly (P <0.01) as the irradiation 
dose increase from 0 to 7 kGy among all different concentrations of FeSC>4 as shown in 
Figure 40). In contrast to what was expected, survival increased as the concentration of 
FeSC>4 increased.
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Figure 40: Effect of X-ray irradiation on the survival of C. jejuni grown in GMEM + HEPES + 
Pyruvate containing different concentration (0,10, 50, and 100 mM) of FeS04using BMH agar media. 
E rror bars represent standard deviation of mean data (n=3)
Moreover, the D-values increased gradually with low levels from 5.30 kGy (with iron 
depletion) to 6.03 kGy (in the presence of 100 mM of FeS04) as shown in Table 22. 
Thus, as can be seen in Figure 40 and Table 22 iron did not increase the rate of death 
during irradiation and this experiment was not carried out further.
Table 22: D-values for C. jejuni as affected by X-ray irradiation in the presence of different 
concentrations of FeS04 using BMH agar media
FeS04 (mM)
D-value
kGy
0 10 50 100
5.30 5.56 5.71 6.03
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4.2.3 Hydroxyl radical (OH) measurement
Next an experiment designed to measure OH formation was carried out at different 
concentrations of NaCl to study the effect of ionic salts on the protection of cells against 
the lethal affects of irradiation and whether this was due to lowering of the concentration 
o f ’OH radicals.
Reactive oxygen species (ROS) are free radicals produced by most cells under normal 
and pathological conditions. Because OH* has very short half-life (eg. nanoseconds), it is 
usually measured indirectly using trapping agents in both in vitro and in vivo experiments 
(Teismann and Ferger, 2000).
Phenylalanine has been suggested as an alternative to salicylic acid (Themann, et al. 
2001), in the detection of *OH radicals but its low sensitivity and rate of hydroxylation 
have restricted its use. However Terephthalic acid (TA) has properties that make it a 
superior trapping agent for *OH compared to either salicylic acid or phenylalanine. 
Terephthalic acid (TA) is not normally present in tissues, or is a reactant in biochemical 
processes. It is very reactive with *OH with a faster hydroxylation rate compared to other 
trapping agents (Saran and Summer, 1999). Yan et al. (2005) showed that hydroxylated 
TA formed quickly (<10 s), was resistant to bleaching (<5 % change in fluorescence), and 
permitted detection < 0.5 p/mol ’OH. They added also TA is nonfluorescent, whereas 
hydroxylated TA is highly fluorescent (excitation, 326 nm, emission, 432 nm). Moreover, 
a linear relationship between fluorescence intensity and the amount of hydroxylated TA, 
and at least 0.2 p/mol of *OH can be detected when TA is used as the trapping agent (Yan 
et al., 2005).
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Hydroxyl radical generation in this experiment was determined in sterilized Muller 
Hinton Broth (MHB) in the presence of 100 mM NaCl, using terephthalic acid (TA) as a 
trapping agent of ’OH, followed by irradiation at 7.0 kGy. Irradiation in the absence of 
TA was chosen as a negative control and it can be seen that when TA was added to a 
sample that was not irradiated little increase in fluorescence occurred irrespective of the 
NaCl concentration. In the presence of TA and irradiation a marked increase in 
fluorescence was seen and this must be attributed to the generation of ‘OH radicals and 
their detection by TA. The presence of 100 mM NaCl did not however lower the 
fluorescence signal and seemingly did not lower 'OH formation.
Irradiated with TAlOOmM NaCl Irradiated with TA OmM NaCl
Irradiated without 
TAlOOmM NaCl
Irradiated without TA OmM NaCl 
Unirradiated without TA OmM NaCl 
Unirradiated with TA lOOmM NaCl
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i {Without TA 100mM HaclffOlsp
i {Without TA OmM Hacl#01.sp 
i j Unirradiated 100mM Hacl#01.sp 
i j Unirradiated OmM Hacl#01.sp 
■ itf l  100mM Had #01.sp 
i {TA OmM HAcl#01.sp
Figure 41: Determination of hydroxyl radical generation in sterilized (MHB) in the presence of
lOOmM Nacl, using terephthalic acid (TA). Error bars represent standard deviation of mean data
(n=3)
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4.3 Discussion
The antimicrobial efficacy of irradiation is affected by many factors, including irradiation 
dose, temperature, food composition, numbers, type of microorganism, and atmospheric 
gas composition (Mendonca, 2002). The presence of nutrient-rich substances can protect 
organisms from the effects of irradiation. The reason for this is that the food components 
compete with the organism for the reactive radiolytic products (Urbain, 1986; Quinn et 
al, 1967). In addition to these factors the physiological state of microorganisms that 
results from environmental stress may alter their resistance to irradiation. For example, 
the induction of acid resistance in Escherichia coli 0157:H7 cross-protected this 
organism against inactivation by gamma radiation (Buchanan et a l 1999). Due to its 
ubiquity in nature, L. monocytogenes is inevitably exposed to various environmental 
stresses, such as starvation, desiccation acidification, and high pH. Exposure to certain 
environmental stresses may increase the virulence of this pathogen (Stephens et a l 1991; 
O' Driscoll et a l 1996) as well as its resistance to lethal factors. Increased microbial 
resistance to lethal factors can decrease the antimicrobial effect of food preservation 
methods, such as acidification, heating, and ionizing radiation. Mendonca et a l (2004) 
reported that irradiation of ground pork at 2.5 kGy reduced Listeria monocytogenes by 
approximately 6.0 log, whereas starved cells were reduced by only 3.8 log.
Sodium nitrite and nitrate are used as a food preservatives. During irradiation, sodium 
nitrite has been shown to be degraded by irradiation in a dose-dependant manner (Ahn et 
al, 2003). Also chemically NO2 ' produces the nitric oxide (NO) radical when exposed to 
UV irradiation (Reszka et al., 1996). Nitric oxide (NO) and/or its products are a key 
component of the inducible defence against microbial infection of intestinal cells 
(Witthoft et al. 1998). Other investigators (Duncan et al., 1995; Li et al., 1997) revealed
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that, Campylobacter may be exposed to NO in the stomach since the chemical generation 
of NO in this organ can occur as a consequence of microbial nitrite production in the 
mouth (Duncan et al., 1995; Li et al., 1997). Thus the generation of NO in the stomach 
represents a separate and yet powerful defence against gut pathogens (Duncan et al., 
1995; Dykhuizen et a l, 1996). It was reasoned that exposure of C. jejuni and Salmonella 
to X-ray irradiation in the presence of nitrite and nitrate might lead to the enhanced 
killing of these pathogens due to the generation of reactive nitrogen species and the 
bactericidal effect of these.
In contrast what was expected the addition of nitrite and nitrate provided protection 
against irradiation. Nitrite was by far the most protective agent. In the presence of 20mM 
nitrite the D- value of C. jejuni was 24.45 compared to D-values of 10.69 in the presence 
of 100 mM nitrate and 3.63 in the absence of any salt. When ionic salts other than nitrites 
and nitrates were used a protective effect was seen but this was less than that seen for 
nitrite/nitrate. For example the D-values of C. jejuni in the presence of 100 mM NaCl and 
50mM KCI were 9.11 and 7.27 respectively. Since glucose did not give a protective effect 
clearly the ionic nature of the salts must be protecting rather than the effect being due to 
general osmotic effects. However, as nitrite, even at lower concentrations, was especially 
protective an additional mechanism must also be operating for this agent. The fact that 
nitrite/nitrate, KCI, NaCl, and glucose gave rise to similar effects when S. Typhimurium 
was exposed to irradiation suggest that the effect is general and not just specific to C. 
jejuni. Salt content in products also has been shown to affect the effectiveness of 
irradiation in killing pathogenic organisms, i.e. the protection increased as NaCl increased 
and water content decreased in S. Typhimurium (Thayer et al., 1995b). The effectiveness 
of the ionizing radiation dose to inactivate pathogenic bacteria could be influenced by the
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levels of protein and moisture (Clavero et al., 1994). Urbain (1986), however, suggested 
that in aqueous environments that lethal effect of irradiation increases because more free 
radicals are produced. Proteins and carbohydrates tend to have a protective effects as they 
compete with bacteria for interaction with free radicals produced during hydrolysis of 
water. Other researchers have reported that radiation resistance in microorganisms 
increases with lower water activity and/or the complexity of the suspending medium 
(Diehl, 1995, Thayer et al., 1995 and Mendonca, 2002). Moreover, sublethal damage to 
microorganisms taking place during irradiation can increase their sensitivity to 
environmental stress factors and other injurious agents as well as the synergistic effects of 
irradiation and certain processes applied in food technology can encountered 
(Szczawinska, 1983). On other hand, Salmonella irradiated with a dose of 1 kGy were 
sensitized against curing salts such as NaN02 and NaCl in meat (Szczawinska et al., 
1984; Szczawinski et al., 1985)
Bachofer and Pottinger (1953) also reported that bacteriophage T1 DNA was protected 
against X-ray irradiation following the addition of inorganic salts to the aqueous virus 
suspensions. They showed that the nitrate ion exhibited a greater protection than the 
sulfate or chloride ions, and suggested that this was due to the lower energy level of the 
nitrate ion, by reason of resonance. In addition, metallic salts likewise protected cells, but 
a point of maximum protection was reached at a lower concentration than in the case of 
the ammonium salts. After this maximum protection was reached, there was a rapid 
decline in survival with increased concentration.
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Okazawa et al. (1960) showed that the lethal effect of irradiation on E. coli was enhanced 
both by the presence of NaCl in phosphate buffer (pH 7.0) during irradiation and in the 
nutrient agar recovery medium. However, NaCl in an irradiated suspension (distilled 
water) did not sensitize anaerobic spores to gamma irradiation, but when added to an agar 
recovery medium, it reduced the number of irradiation survivors (Rowley et al., 1974). 
The results of this study conflict with these studies as here NaCl was shown to be 
protective. The reasons for this are not clear but it might reflect the nature of the medium 
used for irradiation or the fact that X-ray irradiation was used here.
Namiki et al. (1973) evaluated the effects of irradiation on the presence of sugars using 
mixtures of 10 g / L of glucose, fructose and sucrose on the survival of E. coli, using 
gamma rays at 1.0 kGy. They found that the presence of fructose and glucose caused a 
reduction in survival when fructose and glucose solutions were irradiated under aerobic 
conditions and that the inhibitory effect was not significant when the solutions were 
irradiated anaerobically using nitrogen. The results are consistent with the findings of this 
study. Schubert and Sanders (1971) demonstrated the formation of radiolytic compounds 
(a and p-unsaturated carbonyls) after sugar solutions (0.058 M) were subjected to gamma 
irradiation (1- 20 kGy). These radiolytic compounds inhibited the growth of S. 
Typhimurium. In contrast Rodriguez et al. (2007) reported that the presence of sugars did 
not affect the microbial damage induced by electron beam irradiation.
Water is the major component of most foods and when subjected to ionizing radiation, 
forms a number of radiolytic products, including hydroxyl radical (*OH), hydrated 
electrons, hydrogen atoms (H), hydrogen molecules (H2), hydrogen peroxide (H2O2), and 
hydrated protons (HsO+) (Brito et al., 2002). Of these the -OH radical is thought to be a
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major bactericidal agent as reported by Gould (2002). Who demonstrated that the 
irradiation process itself leads to an increase in the hydroxyl radical concentration, due to 
the radiolysis of water. The hydroxyl radical has a much greater antimicrobial activity 
than the hydroxyl ion. The author added also that hydroxyl radicals and ions act in 
combination to produce an enhanced antimicrobial activity.
The mechanism of ’OH-induced damage is mainly associated with oxidative damage to 
cellular components such as protein, lipid membrane and nucleic acids (Mohanan and 
Yamamato, 2002) and ‘OH formation has been suggested to be a major killing mechanism 
during irradiation. To determine whether or not the protective effect of ionic salts was due 
to their effect on 'OH formation, 'OH protective was measured at high and low ionic 
strenght use TA and however, 'OH production as measured by this method was unaffected 
by salt concentration.
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Chapter 5
5 The identification of 2-dodecyIcyclobutanone 
(DCB) in chicken samples irradiated by gamma 
rays at different doses employing the direct solvent 
extraction (DSE) method
5.1 Introduction
In the United kingdom irradiated food will have to be labelled as well as to have sell by 
dates (Anon, 1986; Anon, 1990; EU 2006 ) and it is generally accepted that reliable routine 
and sensitive testes to detect irradiation would be desirable to enforce labelling regulation 
and enhance consumer confidence in control procedures (IFST,1998).
Irradiation induces a number of chemical changes in the fatty acid molecules. The 
formation of lipid-derived long chain hydrocarbons is based on the observation that when 
fatty acids are exposed to high energy irradiation, they undergo preferential cleavage in 
the ester carbonyl region, giving rise to certain key compounds in relatively large 
amounts (Nawar and Balboni, 1970; Tewfik et al., 1998; Tewfik, 2008). The two 
hydrocarbons formed from each fatty acid that are of interest are those with one carbon 
atom less than the parent fatty acid (Cn.1: HC) and those with two carbon atoms less than 
the parent fatty acid (Cn_2: HC) with an additional double bond in position 1.These long- 
chain hydrocarbons can be used as the basis for the identification of lipid-containing 
irradiated foods. The appropriate markers identified are 1-tetradecene and pentadecane
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arising from palmitic acid and 1-hexadecadiene and heptadecene originating from oleic 
acid. The concentrations of these markers is also known to increase with increasing 
irradiation dose (Nawar, 1986; Paramita et al, 2003).
The first use of these volatile products as indicators of irradiation was carried out by 
Nawar (1988). These products are also formed by autoxidation or heating; however whilst 
the same volatile products are formed, the distribution patterns of individual products 
vary.
The radiolytic product of palmitic acid 2-dodecylcyclobutanone (DCB) has been shown 
to be a potential marker for the detection of lipid-containing irradiated foods and the 
levels produced in fresh and raw products are known to increase with irradiation doses up 
to 10 kGy (Crone et al, 1992; Tewfik et al., 1998)
Currently there are little data which relate to the fate of these radiolytic marker on storage 
while it is accepted that any form of storage will result in the decay of these markers as a 
function of time. It is essential to confirm that the radiolytic markers are still present in 
the irradiated food samples, as they come to the end of their shelf life.
This experiment follows the level of the principal radiolytic marker (DCB) over a one 
year storage trail with minced chicken irradiated at various experimental doses (1, 3, 5, 
and 7 kGy). Based on the results of the new methods developed, the method of choice for 
the extraction of the radiolytic markers in stored samples of irradiated minced chicken 
was the Direct Solvent Extraction. Efficiency was perhaps the principal reason for the use 
of this method.
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For chicken and beef, hexadecadiene, heptadecene and tetradecane are thought to be the 
most suitable indicators of irradiation as these are absent in unirradiated samples. Studies 
on raw milk Camembert cheese have also identified the formation of four ‘unique’ 
markers; tridecene, 1-dodecene, 1-tetradecene and 1-hexadecene formed by radiolysis of 
myristic, palmitic and stearic acid respectively. The presence of these hydrocarbons has 
never been detected in unirradiated Camembert cheese, nor are they formed during 
ripening or storage (Stevenson et al., 1992; Stewart, 2000).
These volatile compounds are isolated by vacuum distillation and identified using flame 
ionisation detection (FID) gas chromatography. Others methods achieve the separation of 
the hydrocarbons from the lipid using Florisil adsorption chromatography followed by 
GC-MS detection. The hydrocarbons may alternatively be detected using liquid 
chromatography-gas chromatography (LC-GC) coupling (Tewfik, et al, 1998; Stewart; 
2001)
Using the Florisil method of separation, promising results have been achieved in the 
detection of irradiated high lipid containing seafood, meat, meat products and cheese. The 
Florisil chromatography-GC-MS method has recently been fully validated and now forms 
the British and European Standard (EN 1784:2003) for the detection of volatile long 
chain hydrocarbons in lipid containing irradiated foods. Some attention has also focused 
on the formation of volatile off-flavour products formed as a result of irradiation on 
meats. The main types of compounds formed include hydrocarbons, aldehydes, ketones, 
methyl and ethyl esters, and free fatty acids (Stevenson et al., 1993; EN 1784, 2003).
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The aim of this chapter was to identify and investigate the effect of storage period on the 
level of DCB in irradiated minced chicken at different doses using the direct solvent 
extraction procedures and was carried out with a view to answering the following key 
questions in relation to the fate of irradiated foods post irradiation and during storage:
• Would it still possible to correctly identify foods as having being irradiated 
towards the end of their shelf life?
• To investigate the adequacy in terms of stability of the DSE methods as analytical 
tools for the identification of irradiated foods during storage.
• To closely follow and plot the loss of each of these radiolytic markers during the 
one year storage period
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5.2 Results
5.2.1 The application of the DSE method for the detection of 
irradiation in food samples
Results showed no DCB in unirradiated chilled minced chicken samples. On the other 
hand the level of DCB formed at each dose (1,3, 5 and 7 kGy) was found to increase with 
the applied dose following a linear relationship (Figure 42). The coefficient correlation of 
DCB for the irradiation minced chicken samples was r= 0.960.
3.5
DCE^ug/g chicken
-♦— zero time 
■—  after 1 week 
after 2 week 
-X— after 3 week 
-x— after 4 week
0.5
Dose kGy
Figure 42: Cyclobutanone profile of chilled irradiated minced chicken extracted using the direct 
solvent extraction method (DSE) at (0, 7, 14, 21, 28) days. E rror bars represent standard deviation
of mean data (n=3)
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5.2.2 Effect of storage period (4-weeks) on the level of 2- 
dodecylcyclobutanone (DCB) in irradiated minced chicken at (1, 3, 
5, 7 kGy) extracted using the DSE method
Levels of the radiolytic marker (2-dodecyclobutanone) from irradiated, chilled, minced 
chicken samples (stored at 5°C) were assessed every week (for 4 weeks), at different 
doses using the direct solvent extraction procedure. Results showed that the levels of 
DCB have slightly dropped (-5%) throughout the four week period among all 
experimental irradiation doses (i.e. 1.0-7.0 kGy). (See Table 23& Table 24 Figure 43).
Table 23: Effect of storage period (4 weeks) on the level of alkycyclobutanones in irradiated minced 
chicken at (1,3, 5, 7 kGy) extracted using the DSE method
Storage (week)
Dose
(kGy)
Zero time After 7 days After 14 days After 21 days After 28 days
Mean ± SD Mean ± SD Mean + SD Mean ± SD Mean ± SD
1 0.568+0.014 0.562±0.027 0.554+0.007 0.548±0.002 0.539+0.011
3 1.054±0.0135 1.040±0.105 1.027±0.048 1.015+0.032 0.999+0.005
5 1.602±0.038 1.572±0.032 1.558±0.014 1.539+0.003 1.518+0.014
7 2.912+0.0192 2.854±0.087 2.809±0.064 2.794+0.086 2.754+0.049
dumber o f  Samples (n) =t tree (3) samples for each dose.
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Table 24: % loss of the radiolytic markers in irradiated minced chicken, extracted using the DSE 
method, after (7, 14, 21, 28) days of storage period at 5° C.
Dose
(kGy)
% Loss in DCB level 
A fter 7 days storage
% Loss in DCB level 
A fter 14 days storage
% Loss in DCB level 
A fter 21 days storage
%  Loss in DCB level 
A fter 28 days storage
1 1.01 2.46 3.50 5.10
3 1.32 2.56 3.70 5.21
5 1.87 2.74 3.93 5.24
7 1.99 3.54 4.10 5.42
W e e  k 1 
W ee k  2 
W ee k  3 
W e e  k 4
3 4 5
D o se  kGy
Figure 43: The effect o f storage (4 weeks) on the mean level o f DCB in chilled irradiated  
minced chicken at different doses, extracted using DSE methods. Error bars represent
standard deviation of mean data (n=3)
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To assess the level of degradation (percentage % loss) of the 
radiolytic marker (DCB) against shelf life (12-month) of irradiated 
chicken (frozen) samples
Result illustrated in Figure 44 show that radiolytic marker DCB was present in all 
samples of irradiated frozen minced chicken throughout the one year storage period at -18 
°C ± 1. Based on these results it would be possible to identify irradiated foods containing 
lipid up to a year post-irradiation .The rapid DSE method was used to extract of the 
radiolytic markers from samples on storage while isolation and detection of these markers 
was carried out using GC-MS method. Full scan and selected ion monitoring produced 
comparable retention times and mass spectra to authentic standards.
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Figure 44: The effect of storage (12 month ) on the mean level of alkylcyclobutanone DCB in
irradiated chicken at (1,3,5,7 kGy ) extracted using the direct solvent extraction (DSE) method. E rror
bars represent standard deviation of mean data (n=3)
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A significant drop in the levels of DCB in irradiated minced chicken samples at each 
doses used i.e. 1,3,5 and 7 kGy when stored at -18°C ± 1 is shown in Figure 44. The loss 
over one year period for samples irradiated at 1,3,5 and 7 are shown in Table 25 which 
suggest that the drop in the level of DCB was approximately 73.5,62, 64, 60.9% at 1, 3, 5 
and 7kGy respectively after a year of storage. With an increase in the dose applied, there 
is a linear increase in the level of the markers formed. Therefore, one can only conclude 
that DCB is lost during storage over an extended period of time. However despite this 
loss, 2-dodecylcyclobutanone was found in significant and detectable amounts in the 
samples using direct solvent extraction method (DSE).
Table 25: % loss of the radiolytic markers (DCB) in irradiated minced chicken, extracted using the 
DSE method,(12 month) of storage period at -18°C
Storage(Month)
DCB / ug/lipid
1 kGy %loss 3 kGy %loss 5 kGy %loss 7 kGy %loss
0 0.5680 0.00 1.0540 0.00 1.6017 0.00 2.9117 0.00
1 0.5393 5.00 0.9987 5.20 1.5177 5.20 2.7497 5.50
2 0.5110 10.00 0.9623 8.70 1.4610 8.80 2.5677 11.70
3 0.4617 18.70 0.9023 14.40 1.4157 11.60 2.4700 15.10
4 0.4227 25.60 0.8507 19.30 1.3567 15.30 2.2733 22.00
5 0.3960 30.30 0.7960 24.10 1.2560 21.60 2.1967 24.40
6 0.3533 37.80 0.7153 32.10 1.1683 27.10 2.1367 26.50
7 0.3293 42.00 0.6723 36.21 1.0453 34.70 2.0497 29.60
8 0.2843 49.90 0.6403 39.30 0.9630 39.90 1.9120 34.40
9 0.2563 54.90 0.6000 43.10 0.9017 43.70 1.7193 40.10
10 0.2143 62.27 0.5303 49.70 0.8223 48.80 1.5360 47.10
11 0.1877 66.95 0.4397 58.30 0.6887 57.00 1.3503 53.60
12 0.1507 73.50 0.4000 62.10 0.5723 64.00 1.1500 60.90
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5.3 Discussion
The isolation of the 2-alkylcyclobutanone (DCB) was successfully achieved in chilled 
irradiated minced chicken at (1.0, 3.0, 5.0 and 7.0 kGy) using the direct solvent extraction 
(DSE) method (Figure 42). The presence of this marker is a further proof that the samples 
have been irradiated and that the DSE method is a capable of extracting it, since it was 
only detected in irradiated samples.
The isolated levels of DCB ranged from 0.57 -  2.9 pig /g lipid and it was a dose 
dependent linear relationship. The DSE offers a rapid screening of irradiated minced 
chicken (quantitative and qualitative). The direct solvent extraction method was first 
outlined by Tewfik et al., in i998. These authors successfully isolated and identified 
substantial amounts of DCB in irradiated chicken, minced beef, fresh and sea water fish. 
The isolation, clean-up and identification procedures were quick and the method was 
robust and compared favorably with the existing Florisil chromatography (classical) 
techniques (Stevenson et al., 1993; Tewfik, 2008).
5.3.1 The effect of storage on the levels of radiolytic markers 
(DCB) in irradiated minced chicken.
The DCB marker has been shown to be a potential marker for the detection of lipid 
containing irradiated foods (Crone et al., 1992; Tewfik, 2008), and the level of DCB level 
produced in fresh and raw product is known to increase with irradiation dose (up to 7.0 
kGy). Results illustrated in this chapter showed a significant drop of ~5% over 4 week 
storage period among all experimental doses. Currently there is little data which relates to 
the fate of this radiolytic marker on storage. While it is accepted that any form of storage
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will result in the decay of this marker as a function of time, it is essential to confirm that 
the radiolytic marker is still present in the irradiated minced chilled chicken samples as 
they come to the end of their shelf life. This is particularly true for those foods that have 
been irradiated with a relatively low dose of irradiation since the level of this marker has 
been shown to be a function of the irradiation dose applied.
After storage for one year at -18°C the levels of DCB were significantly reduced but the 
relationship between the low levels of this marker with dose appeared to remain linear for 
irradiated chilled minced chicken .Despite the decrease during the storage period, there 
was no difficulty in detecting irradiated in food after one year including detection of 
foods irradiated at low doses. The persistence of the compound during the expected shelf 
life of the product confirms its usefulness as a marker for the detection of irradiated 
poultry following long term storage, transport and export.
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Chapter 6
6 Chemical and microbiological methods to 
identify shelf-life of irradiated frozen chicken 
samples stored for up to twelve months
6.1 Introduction
Food irradiation is a food safety technology designed to eliminate bacteria and parasites 
that would otherwise cause food-borne disease (WHO, 1981: Thayer et al, 1995; Chen et 
al., 2006). The irradiation process reduces but does not eliminate all bacteria (vegetative 
versus spore) (Farkas, 1998; Owczarczyk et al, 2000) Gamma irradiation destroys gram 
negative microflora completely, but it is not very effective against gram positive 
sporeforming bacteria such as B. cereus, Clostridium spp., and spores are found to be 
comparatively resistant. In 1990, FDA approved the irradiation of poultry up to doses of 3 
kGy to eliminate harmful bacteria such as Salmonella spp., Escherichia coli 0157:H7, 
Campylobacter jejuni, and Listeria monocytogenes. In September of 1992, USDA Food 
Safety and Inspection Service (FSIS) approved facilities to irradiate raw, packaged 
poultry. In December of 1997, FDA approved the irradiation of red meats up to doses of 
4.5 kGy for fresh and 7.0 kGy for frozen product for the elimination of food poisoning 
bacteria such as Escherichia coli 0157:H7. The irradiation and inspection of meat and 
poultry products is under the jurisdiction of the FSIS (Morrison et al, 1997).
Thayer and Boyd (1994) reported that 7.5 kGy (at 5°C) is required to eliminate a 
challenge of 4.6 x 10 B.cereus from mechanically deboned chicken meat, rendering it 
safe and fit for human consumption.
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Upon irradiation, several changes can be induced in food that could be utilised for 
irradiation-detection purposes. Nevertheless with the exception of 2-alkylcyclobutanone, 
decades of research have failed to find chemical markers which are unique to irradiated 
food (Stevenson, et al, 1992; Delincee', 2002; Tewfik, 2007). It is generally assumed 
that gamma irradiation, and X-rays are comparable techniques, both giving rise to 2- 
alkylcyclobutanones as radiolytic markers (BS EN 1785: 2003; Tewfik, 2007 & 2008).
6.1.1 Detection of irradiation in food
The detection and accurate identification of irradiation in food is an essential element to 
ensure food safety. Many methods have been proposed to detect food irradiation, most of 
which appear to fall into one of the following categories: chemical, physical, and 
biological (Rahman et al., 1995; Tewfik, et al, 1998, Tewfik, 2007). Currently, more 
than 26 countries throughout the world are using irradiation on a commercial basis 
(Kanatt et al., 2005).
At the present time, 2-alkylcyclobutanones have received the most attention in particular 
DCB. There is no evidence that DCB has been detected in unirradiated foods (Stevenson 
et al, 1993; Tewfik, 2008). The detection of irradiated chicken samples at different doses
1-7 kGy was facilitated by analysing DCB (radiolytic marker which is typically produced 
from palmitic acid in chicken fat). A linear relationship between irradiation dose and 
DCB was demonstrated in range of studies (Nawar and Balboni, 1970; Stevenson et al., 
1992; Tewfik, 2007).
155
Chapter 6. Chemical and Microbiological Methods
Many investigators reported that the mean value of aerobic bacteria count of fresh meat 
and meat products ranged from less than 105 to 107 cfu/g (Goepfert, 1976; Thayer, 1993; 
Hammad et al., 1998). Certain components of microflora of meat are highly sensitive to 
irradiation while other components, particularly the micrococci are radiation resistant. 
The minimum effective dose of irradiation depends on the actual radiation tolerance of 
the microorganisms. Irradiation of meats reduces their bacterial counts, and generally 
reduces counts of spoilage bacteria to a greater extent than counts of other type 
(Desmonts and Cartier, 1990).
6.1.2 Radiation sensitivities
Differences in radiation sensitivities among the microorganisms are related to differences 
in their chemical and physical structure and in their ability to recover from radiation 
injury. The amount of radiation energy required to control microorganism in food, 
therefore, varies according to the resistance of the particular species and according to the 
number of organisms present (Mendonca, 2002). Besides such inherent abilities, several 
factors such as composition of the medium, moisture content, the temperature during 
irradiation, presence or absence of oxygen, the fresh or frozen state influence radiation 
resistance, particularly in case of vegetative cell (Farkas, 2006).
Ionising radiations are mutagenic for most bacteria and are lethal for all of them. The 
critical target for inactivation is the genome containing several million base pairs. The 
endospores of spore-forming bacteria are more resistant to most preservation treatments, 
including irradiation, than vegetative cells (Urbain, 1986). In many cases there is not a
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simple straight-line relationship between dose and the logarithm of the surviving fraction 
of spores (Mulder, 1982).
Following publication at Directive 1999/2/EC, the European Commission was charged to 
develop a final positive list of permitted items until the end of 2000, but the contents of 
this list are not yet published. Instead, National regulations, e.g. in Belgium, France , 
Italy, The Netherlands, Spain and the United Kingdom, which were established before the 
EC Directive entered into force were allowed to continue (Anon, 2003; Farkas, 2006).
Food irradiation is globally recognised as robust food preservation/sterilisation 
technology that warrants food safety. Nevertheless, to be permitted by governments and 
health authorities, detection methods should be readily available to enforce its legislation. 
These methods of detection ought to be capable to correctly identify whether food has 
been irradiated as well as the irradiation dose. Furthermore, it would be ultimately useful 
if the shelf life at retail level can be estimated. Therefore, the main aim of this chapter 
was to qualify, quantify and predict shelf-life of chicken samples which have been stored 
frozen for up to twelve-month (at -18°C) after being irradiated at 7kGy (as recommended 
by FDA) using gamma rays.
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6.2 Results
6.2.1 Chemical changes
2-dodecylcyclobutanone (DCB) has been shown to be a potential marker for the detection 
of lipid-containing foods and its levels in fresh and raw products are known to increase 
with irradiation dose up to 10 kGy (Crone et al., 1992). The chemical analysis of DCB 
level in 7kGy chicken samples was carried out employing Tewfik-method (2008). Table 
26 and Figure 45 illustrate the changes of DCB levels with shelf-life in irradiated chicken 
which have been stored frozen for 12-month at -18±1°C. As the storage period increased, 
the DCB levels decreased. There was a gradual drop in the DCB levels; by 5.5 % (after 
30 days) to 61.0 % (after 12 months). Data indicated also the levels of DCB was highly 
correlated (R =0.9844) with the storage period.
Table 26: DCB levels (pg/g lipid) and Total Plate Count (TPC) (Logio CFU/ml) in irradiated frozen 
chicken (at 7kGy) stored for 12-month (at -18±1°C)
Storage Period DCB % Loss Logio CFU/ml Logio CFU/ml
(month) Pg/g weight (DCB) unirradiated Irradiated
0 2.91 0.0 5.20 1.43
1 2.75 5.5 5.30 1.43
2 2.57 11.7 5.40 1.45
3 2.47 15.1 5.55 1.48
4 2.27 22.0 5.58 1.50
5 2.20 24.4 5.65 1.52
6 2.14 26.5 5.70 1.53
7 2.05 29.6 5.72 1.54
8 1.91 34.4 5.75 1.56
9 1.72 40.1 5.80 1.56
10 1.54 47.1 5.87 1.57
11 1.35 53.6 5.97 1.59
12 1.15 60.9 6.02 1.61
Y= - 7.22423 X + 21.02084 Y= 64.7872 X - 92. 5264
R2 = 0.9844; r= 0.992 R2= 0.9754; r = 0.988
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Currently there is a little data which relates to the fate of these radiolytic marker on 
storage, while it is accepted that any form of storage will result in the decay of these 
marker as a function of time, it is essential to confirm that the radiolytic markers are still 
present in the irradiated food samples as they come to the end of their shelf life. This is 
particularly true for those foods that have been irradiated with a relatively low dose of 
irradiation since the level of this marker is proved to be a function of the irradiation dose 
applied. DCB measured in all samples of irradiated frozen chicken throughout one year 
storage period at -18±1°C. Nevertheless, it was possible to identify irradiated lipid- 
containing foods up to twelve months post irradiation.
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Figure 45: Levels of DCB and TPC of irradiated chicken (7kGy) during 12-month shelf-life (storage 
at -18±1°C). E rro r bars represent standard deviation of mean data (n=3)
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6.2.2 Microbial changes
As with all raw meats, non-irradiated minced chicken samples were found to be 
contaminated with relatively high initial counts of aerobic mesophilic bacteria. This 
reflects possible cross contamination during slaughter which has a significant effect on 
the bacteria status of carcasses (Borch and Arinder, 2002). Meat can become 
contaminated during processing through contact with the skin of animals, which is an 
excellent depository for all kinds microorganisms; feet and intestinal contents of the 
animal; floor, equipment and personnel and bleeding of the animal, which is considered 
to be first step that can spread contamination from animal (Satin, 2002).
Data presented in Table 26 and Figure 45 indicates that gamma irradiation has reducing 
effects on total aerobic bacterial counts. An increase of 0.82 log cycles was noticed in the 
total plate counts in unirradiated samples at dose of 7 kGy after twelve months storage at 
-18±1°C. During subsequent freezing storage, the total aerobic bacteria counts of 
irradiated samples tended to increase with storage time approximately 0.18 log cycles. 
The total bacterial count in irradiated and unirradiated minced chicken samples showed 
slight gradual increase with increasing the storage period. Moreover, a linear relationship 
and high correlation (R = 0.96315) between storage period and total bacterial counts was 
observed. Results also indicated that there are high correlation coefficients between DCB 
levels, TPC and the shelf-life of irradiated chicken samples stored at -18±1°C (r=0.992 
and r=0.981 respectively).
160
Chapter 6. Chemical and Microbiological Methods
6.3 Discussion and conclusion
In recent decades, food irradiation has become one of the most discussed technologies for 
food safety and shelf-life. The detection and measurement of irradiation in food is an 
essential element of food irradiation safety. This would allow governments to enforce 
labelling legislation both for food produced within their country and for imported 
products. The commercialization of irradiated food strongly depends on the availability of 
sensitive and reliable analytical techniques to identify irradiated food stuffs. In turn, this 
should increase consumer's confidence in their choice to whether purchase irradiated or 
unirradiated food. If irradiated products are chosen the ability to quantify the dose would 
ensures that the technical purpose of the treatment has been achieved; for example that 
the correct dose was applied to chicken to ensure effective reduction in pathogens.
Recent developments in food irradiation chemistry have controlled remarkably to 
monitoring the nature of the changes occurring in irradiated foodstuffs (Elias and Cohen, 
1977; Nawar, 1988 and Horavatorich et al., 2002). In this investigation we employed 
DCB as radiolytic chemical marker for detection of irradiated minced chicken during 
storage. This cyclobutanone is typically produced from one of the major fatty acids in 
chicken fat i.e., palmitic acid (Ci6:o) as affected by irradiation (Le Tellier and Nawar, 
1972 and Paramita, 2003). A linear relationship between radiation dose and this 
compound was also demonstrated (Figure 45), and the presence of air or moisture did not 
affect significantly the quantification pattern (Tewfik, 2008). On the same hand, total 
bacterial count is known to be the most commonly used quality parameter for evaluating 
the hygienic status of food and food additives. Oh et al. (2003) reported that the 
irradiation effect on bacterial reduction is relatively linear. Therefore the combination of 
two identification tests (DCB and total plate count (TPC) could serve as useful tool to
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ensure wholesomeness of irradiated chicken particularly at the retailers’ shelves and 
throughout the storage period (i.e. up to 12-month). The FDA has recommended that 
7kGy is an adequate irradiation dose for frozen chicken. In this experiment we were able 
to follow-up the microbial growth pattern using the Total Plate Count (TPC) test and the 
drop in the DCB level in irradiated chicken to estimate the shelf-life of frozen chicken 
samples stored at -18±1°C and irradiated at the recommended dose.
Combining chemical and microbial tests proved to be useful to differentiate whether food 
has been irradiated or not and when irradiated at the recommended dose, how long it has 
been on the shelf? (Figure 45) has successfully illustrated the relationships between all 
three variables (DCB, TPC and shelf-life). These derived relationships can offer health 
authorities an essential tool for market surveillance of lipid containing foods once 
irradiated and distributed at the retailers level for up to 12-month period. The reported 
findings of this chapter may encourage some governments who may be reluctant to 
advocate food irradiation as safe food technology process, to re-consider their current 
position towards irradiated food. This will have its indirect impact on food quality, safety 
and security.
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One aim of this study was to examine the sensitivity of important food-borne pathogens 
associated with poultry to X-ray irradiation. In order to do this a laboratory based system 
for delivering various doses was set up. Results of this investigation demonstrated that C. 
jejuni reached the stationary growth phase after 27 hr, while S. Typhimurium reached to 
the stationary phase after 5 hr under the conditions established here. Bacteria were 
selected from growth phase in which they would be expected to be most resistant to stress 
and irradiation, in stationary phase and late exponential phase for S. Typhimurium and C. 
jejuni, respectively (Kelly et al., 2001). X-ray irradiation reduced the survival of C. jejuni 
and S. Typhimurium in a dose dependant manner, i.e. as the irradiation dose increased 
from 1.0 kGy, the viable counts decreased up to 7.0 kGy. When recovery was measured 
on different media, it was noticed that the lower recovery of bacterial counts occurred on 
the selective media, perhaps due to the increase in the number of the injured cells as 
affected by radiation, which did not grew on the selective media but grew well on the 
non-selective media (Jay, 2000). On the other hand, the highest recovery was recorded on 
the non-selective media (BMHA) probably due to the ability of the blood component to 
relieve oxidative stress (Keener et al., 2004). Thus BMHA was used as an optimal 
recovery media rather than a selective media.
Irradiation has been shown to induce oxidative stress and lipid peroxidation (Nawar, 
1983a), and therefore, the effect of X-ray radiation on the total viable counts of C. jejuni 
mutants deficient in superoxide dismutase (SodB) (Purdy et a l , 1999) catalase (KatA)
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(Grant and Park, 1995) and alkylhydroperoxidase (AhpC) (Baillon et al, 1999) was 
investigated using three different media (BMHA, MHA and CCD A).
A range of C. jejuni mutants defective in key oxidative stress defence mechanisms were 
assessed for resistance to irradiation. The sodB (superoxide dismutase deficient) mutant 
was more sensitive to irradiation when recovered on any of the media used. When 
recovery was measured on BMHA D-values were 3.18, 3.25, 4.44 and 2.98 kGy for the 
wild type, the ahpC mutant, the katA mutant and sodB mutant, respectively. Since the 
sodB mutant was more sensitive, the generation of superoxide during irradiation may 
contribute to cell death. Thus X-ray irradiation generates oxidative stress and that SodB in 
particular is important in the resistance to C. jejuni to irradiation.
The results of this study also revealed that S. Typhimurium was more resistant to X-ray 
irradiation than C. jejuni except when selective media was used for recovery. Comparing 
this pathogen with C. jejuni, the D-values of S. Typhimurium were found to be 6.86, 5.82 
and 3.70 kGy on BMHA, MHA and XLDA, respectively, while those of C. jejuni were 
found to be 3.09, 2.98, and 2.97 kGy on BMHA, MHA and CCD A, respectively. The 
results of this study showed that the D-values for Campylobacter and Salmonella were 
higher than that reported in previous studies. Patterson (1995) revealed that the D-values 
of different strains of Campylobacter ranged from 0.12 to 0.25 kGy using gramma 
irradiation. Prejean (2001) and Sherry et al. (2004) reported that the D-values of 
Salmonella ranged from 0.4 to 0.25 kGy. This might be due to the different conditions or 
the type of strains used in these studies. Moreover, different laboratory strains were used 
here (not those isolated from meat or chicken) and the behavior of these strains is often 
not the same as fresh isolates (Fux et aL, 2005).
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The effect of X-ray irradiation on different strains of C. jejuni NCTC (11951, 11847, 
11828 and 11168) and C. coli (UA585, NCTC11350, NCTC11366 and NCTC11438) was 
also investigated using BMHA medium. Results indicated that C. jejuni (11951) was 
more resistance to irradiation (3.41 kGy), followed by C. jejuni (11847), C. coli (11366), 
C. coli (11438), C. jejuni (11828), C. coli (UA585), C. jejuni (11168) and C. coli (11350). 
These results showed that the D-values for different strains of C. jejuni and C. coli were 
higher than those that reported by Patterson (1995) but that strain variation was less. The 
D-values of different strains of Campylobacter ranged from 0.12 to 0.25 kGy (Patterson, 
1995) or here from 2.97 to 3.41.
The study was extended to include Arcobacter butzleri since this is a member of the 
Campylobacteraceae and an emerging food-borne pathogen (Jang et al., 2003). The 
recovery of A. butzleri was highest on Blood Mueller Hinton Agar (D-value being 3.30, 
3.32 and 3.56 kGy for C. jejuni, C. coli and A. butzleri, respectively) and lowest on 
selective media (D-value being 3.20, 3.08 and 3.36 kGy for C. jejuni, C. coli and A. 
butzleri, respectively). The D-value of Arcobacter was higher than Campylobacter spp, 
either on BMHA or CCDA. This suggests that Arcobacter was more resistant to 
irradiation, compared with the other two tested strains. Lehmer et al. (2005) also reported 
that Arcobacter are sensitive to gamma irradiation, but more tolerant than C. jejuni. The 
authors added also that irradiation doses of 0.3 to 1.0 kGy would reduce Arcobacter spp. 
by up to 3.7 log cycles and probably eliminate it.
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The survival of Campylobacter and Salmonella in the presence of nitrite, nitrate, other 
salts and solutes during irradiation was carried out to determine whether ionic solutes can 
protect against irradiation or enhance its bactericidal effect. It could be seen that the 
addition of nitrite, nitrate, NaCl, and KC1 provided protection against irradiation, and that 
nitrite was by far the most protective agent. In the presence of 20 mM of nitrite the D- 
value of C. jejuni was 24.45 kGy, compared to 10.69 kGy in the presence of 100 mM of 
nitrate, while it was 3.63 kGy in the absence of any salt. When ionic salts other than 
nitrites and nitrates were used, a protective effect was seen but this was less than that seen 
for nitrite/nitrate. Since glucose did not exhibit a protective effect, the ionic nature of the 
salts must be contributing to protection rather than the affect being due to general osmotic 
effects. The fact that nitrite/nitrate, KC1, NaCl, and glucose gave rise to similar effects 
when S. Typhimurium as opposed to C. jejuni was exposed to irradiation suggests that the 
effect is general and not just specific to C. jejuni. Salt content in products also has been 
shown to affect the effectiveness of irradiation in killing pathogenic organisms i.e. the 
protection increased as NaCl increased and water content decreased in S. Typhimurium 
(Thayer et al., 1995b).
Radiation resistance of microorganisms increases with lower water activity and /or the 
complexity of the suspending medium (Thayer et al., 1995b). It has also been suggested 
by Urbain (1986), that in aqueous environments the lethal effect of irradiation increases 
because more free radicals are produced. Okazawa et al. (1961) and Matsuyama et al. 
(1967 and 1960) reported that the lethality of ionizing radiation for vegetative cells of E. 
coli, but not B. subtilis spores, was increased by the presence of NaCl during irradiation. 
They speculated that the increased lethality of radiation in the presence of NaCl might be 
due to the generation of chloride radicals since Anbar and Thomas (1964) had found
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evidence for the formation of a CI2 radical by reaction of NaCl with ‘OH radicals. The
increased radiation resistance of the bacterial cell thus corresponded to a change in the
physical state of water. Thayer et al. (1995b) theorized that the water content or its degree
of organization in the suspending medium should affect the survival of food-borne
pathogens and the retention of vitamins in meat or poultry when irradiated. The increased
%
in survival is related to the decreased availability of extracellular water to react with 
ionizing radiation, which would result in the death of the organism through secondary 
reactions. The author also observed that injury of the irradiated cells was reduced 
proportionately to the amount of NaCl added to pork. The observation of Anbar and 
Thomas (1964) that ‘OH radicals react with chloride ions to form CI2 provides a possible 
explanation. In effect, the chloride ion is serving as an ‘OH radical scavenger and thereby 
provides protection to Salmonella Typhimurium during irradiation.
Water is the major component of most foods and when subjected to ionizing radiation, 
forms a number of radiolytic products, including hydroxyl radical (*OH), hydrated 
electrons, hydrogen atoms (H), hydrogen molecules (H2), hydrogen peroxide (H2O2), and 
hydrated protons (H3 0 +) (Brito et al., 2002). Of these the -OH radical is thought to be a 
major bactericidal agent as reported by Gould (2002). This author also demonstrated that 
the irradiation process itself leads to an increase in the hydroxyl radical concentration, 
due to the radiolysis of water. The hydroxyl radical has a much greater antimicrobial 
activity than the hydroxyl ion. This study added also that hydroxyl radicals and ions act in 
combination to produce an enhanced antimicrobial activity.
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The mechanism of #OH-induced damage is mainly associated with oxidative damage to 
cellular components such as protein, lipid membrane and nucleic acids (Mohanan and 
Yamamato, 2002) and #OH formation has been suggested to be a major killing 
mechanism during irradiation. To determine whether or not the protective effect of ionic 
salts was due to their effect on 'OH formation, *OH production was measured at high and 
low ionic strength using terephthalic acid (TA) (Yan et al., 2005). However, *OH 
production as measured by this method was unaffected by salt concentration.
Literature reviews (Rahman, et al., 1996; Stewart et al., 2001; Tewfik, 2007; Tewfik, 
2008) have shown that there is now a growing interest in the development of 
methodologies for the detection of 2- dodecyclobutanone (chemical radiolytic markers) in 
irradiated poultry. This is because cyclobutanones have successfully been used as 
chemical markers for irradiated poultry. However, most sample preparation and isolation 
methods for these markers involve a long and tedious clean up regime prior to analysis. 
Therefore there was a need to develop a method, which was rapid and simple, to detect 
for the presence of this radiolytic marker (DCB) in stored samples. The direct solvent 
extraction method was chosen to fulfill such aims as it proves to be rapid (total time one 
hour) and requires a short clean up procedure prior to analysis by Gas Chromatography 
Mass Spectrometry (GC-MS). The DSE-GC-MS method was also considered as a routine 
method for extracting and identifying irradiation in food samples. Moreover, the 
validation of this method revealed to be the most robust and efficient method in extracting 
DCB from poultry samples (Tewfik, 2008).
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DCB was not detected in unirradiated chicken samples stored for twelve months, 
confirming that this storage period did not generate this radiolytic marker. However, DCB 
was present in minced poultry which had been irradiated 12 months earlier. Although, a 
significant decrease was observed in the levels of DCB in irradiated chicken samples 
stored at -18°C for one year, its persistence during the storage period confirms its use as a 
marker for the detection of irradiated poultry during prolonged storage. It was also 
interesting to note that during storage the percentage loss of DCB was greater in samples 
that were irradiated at a higher dose (7 kGy).
Microbiological and chemical methods were employed to qualify, quantify and predict 
shelf-life of chicken samples irradiated at 7kGy (recommended by FDA) and stored 
frozen for up to twelve-months (at -18°C). In this experiment the microbial growth pattern 
was followed using the Total Plate Count (TPC) test and the drop in the DCB level in 
irradiated chicken samples enabled the estimation of the shelf-life the samples at 7kGy. 
The total aerobic bacteria counts increased by 0.82 and 0.18 log cycle for unirradiated, 
irradiated frozen chicken respectively stored up to 12 months. This was unexpected and 
given that bacterial growth is not likely to occur at -18°C this increase might be due to the 
slow recovery of damaged cells. Moreover, a linear relationship and high correlation (R2= 
0.96315) between storage period and total bacterial counts was observed. Results also 
indicated that there were high correlation coefficients between DCB levels, TPC and the 
shelf-life of irradiated chicken samples stored at -18±1°C (r = 0.992 and r = 0.981 
respectively). The combination of these two identification tests proved to be useful as tool 
to ensure wholesomeness of irradiated chicken particularly at the retailers’ shelves and 
throughout the storage period (i.e. up to 12-month).
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7.1 Future Work
In this study nitrite was shown to be particularly effective at protecting bacterial cells 
from the lethal effects of irradiation. Ionic salts also were shown to be protective but to a 
lower extent. Whilst this effect might have been due to reduction in 'OH radical formation 
it was not possible using TA as a measure of'OH formation to demonstrate this. Future 
work would thus be directed at these mechanisms of protection. Alternative mechanisms 
for measuring the formation of radicals by irradiation in the presence or absence of nitrite 
such as Electron Spin Resonance (ESR) (Shao-An, et al, 2003) and Rapid and specific 
detection of hydroxyl radical using an ultraweak Chemiluminescence analyzer (Mitsuhiro 
et al, 2003) could be assessed.
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